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DESIGN, P E R F O ~ ~ C E ,  AND EVALUATION  OF S W I T C H G M  FOR 
SPACE NUCLEAR ELECTRICAL SYSTEMS 
by 
A. H. Powell ,  General  Electric Company 
Lawrence A .  Nuel l e r ,  E rnes t  A .  Koutnik,  NASA Lev i s  
A s i n g l e - p h a s e  a i t e r n a t i n g - c u r r e n t  s w i t c h g e a r  u n i t ,  f o r  u s e  
i n  l a r g e  s p a c e  paver systems , v7as des igned ,  modi f ied  and  tes ted .  
T h i s  d e v i c e ,  w i t h  t h e  c o n t a c t s  i n  a vacuum c a p s u l e ,  vas based 
on e a r l i e r  e x p e r i m e n t a l  i n v e s t i g a t i o n s .  
The s w i t c h g e a r  u n i t  was d e v e l o p e d  f o r  o p e r a t i o n  i n  a 1000° F 
(538' C) h i g h  vacuum to r r   r ange )   nv i ronmen t .  The  m chanism 
v7as equ ipped  wi th  h igh  t empera tu re  co i l s  for r e m o t e  e l e c t r i c a l  
operatio.1. 
The swi tchgear  was des igned  for 1000 v o l t s ,  1000 h e r t z ,  1800 
amperes ( i n t e r r u p t i n g ) ,   a n d  600 amperes  (continuous) The swi tch-  
g e a r ,  t o g e t h e r  w i t h  a separate set  o f  con tac t s ,  was endurance 
t e s t e d  f o r  2700 hours .  The c o n t a c t s  were s u b j e c t e d  t o  t h e  same 
c u r r e n t  a s  t h e  f u n c t i o n i n g  d e v i c e .  
The s v r i t c h g e a r  d e m o n s t r a t e d  a b i l i t y  t o  i n t e r r u r c  f a u l t  c u r -  
rents of 2400 amperes i n  7 t o  10 mil l i s econds .  Enuu-rance t e s t i n g  
e s t a b l i s h e d  t h a t  t h e  b r e a k e r  h a d  t h e  a b i l i t y  t o  c l o s e  a g a i n s t  3000 
amperes (lot7 v o l t a g e )   i n r u s h   c u r r e n t ,  The  molybdenum c o n t a c t s  i n  
bo th  the  b reake r  vacuum capsule  and  separate c a p s u l e  e x h i b i t e d  a 
t e n d e n c y  t o  v e l d  when c l o s i n g  o n  h i g h  c u r r e n t s  (2400 amperes) a t  
t h e  maximum tempera ture  of  1000° F, 
The o u t g a s s i n g  o f  m a t e r i a l s  a t  1000° F (538' C) w i t h i n  t h e  
vacuum c a p s u l e  o f  t h e  i n t e r r u p t e r  was cont inuous  and  apprec iab le .  
The vacuum e f f e c t  on  the  vacuum capsule  moving  contac t  suppor t  
i n d i c a t e d  t h e  n e e d  t o  c u t n t e r b a l a n c e .  T h i s  w o u l d  allow t h e  mech- 
a n i s m  t o  o p e r a t e  i n  t h e  n o r m a l  s e a  level environment.  
INTRODUCTION 
The v a l i d i t y  o f  u s i n g  a  vacuum i n t e r r u p t e r  u n i t  i n  l a r g e  
space power sys tem swi tch ing  devices  was i n v e s t i g a t e d  i n  a n  
e a r l i e r   b a s i c   d e v e l o p m e n t   e f f o r t  (ref. 1) The e a r l y   a c t i v i t y  
e s t a b l i s h e d  m a t e r i a l  a n d  d e s i g n  p a r a m e t e r s  f o r  t h e  d e s i g n ,  f a b r i -  
c a t i o n  a n d  t e s t i n g  o f  a d c  c o n t a c t o r  a n d  a n  a c  c i r c u i t  b r e a k e r  
o r   s w i t c h g e a r   u n i t .  The encourag ing   r e su l t s   f rom  the   mechan ica l  
and e lec t r ica l  t e s t i n g  i n  h i g h  vacuum and a t  h igh  tempera tures  
l e a d  t o  t h e  p r e s e n t  e f f o r t .  
T h i s  a c t i v i t y  i n v o l v e d  t h e  d e s i g n  m o d i f i c a t i o n ,  f a b r i c a t i o n  
a n d  f u l l - s c a l e  i n t e r r u p t i o n  t e s t i n g  o f  a n  a l t e r n a t i n g  c u r r e n t  
c i r c u i t  b reake r ,  a d i r e c t  c u r r e n t  c o n t a c t o r ,  two c o n t a c t  f i x t u r e s  
and a s e a l e d   c a p s u l e .   T h i s   r e p o r t   p r e s e n t s   t h e   d e s i g n   a n d  tes t -  
i n g  r e s u l t s  a s s o c i a t e d  w i t h  t h e  ac u n i t  h a v i n g  t h e  f o l l o w i n g  d e -  
s i g n   g o a l :  1000 v o l t s ,  1000 h e r t z ,  1800  amperes   ( in te r rupt ing)  
and 600 amperes (cont inuous) .  
All t e s t i n g  was performed i n  a h i g h  vacuum t o r r  , o r  
lower)  and a 1000°  F (538O C) temperature   environment .  The a c  
b reake r  was s u b j e c t e d  t o  f u l l  i n t e r r u p t i o n ,  l o a d  s w i t c h i n g  a n d  
endurance tests. 
One c o n t i n u o u s l y  c l o s e d  c o n t a c t  f i x t u r e  w i t h  f u l l  c u r r e n t  
pass ing  through i t  was u t i l i z e d  f o r  o b s e r v a t i o n s  o f  c o n t a c t  w e l d -  
i n g  phenomenon. 
I n  a d d i t i o n ,  a second  con tac t  capsu le  was s e a l e d  and sub- 
j e c t e d  t o  t h e  test e n v i r o n m e n t a l  c o n d i t i o n s  i n  o r d e r  t o  m o n i t o r  
material outgass ing  problems.  
F i n a l  a n a l y s e s  of t h e  molybdenum c o n t a c t s  u s e d  i n  t h e  a c  
b reake r ,  r eco rds  o f  t he  swi t ch ing  and  in t e r rup t ion  tests, and 
t h e  s e a l e d  c a p s u l e  p r e s s u r e  p r o v i d e  d e s i g n  g u i d a n c e  f o r  h i g h  
power swi t ch ing  dev ices  needed  in  l a rge  space  power systems. 
DESIGN  MODIFICATIONS 
Based  on t h e  w o r k  r e p o r t e d  i n  r e f e r e n c e  1, improvements i n  
t h e  d e s i g n  o f  t h e  c i r c u i t  b r e a k e r  were undertaken.  These  modifi-  
c a t i o n s  were (1 )   sp r ings ,  (2) wipe  spring  assembly, (3) t e r m i n a l s ,  
and ( 4 )  b r e a k e r  r a d i a t o r s .  A s  t he   work   and   p re l imina ry   t e s t ing  
progressed ,  i t  became e v i d e n t  t h a t  f u r t h e r  i m p r o v e m e n t s  i n  t h e  
des ign  were desirable .   These  improvements   involved (1) t h e  
mechanism, (2) i n t e r r u p t e r   c a p s u l e s ,  (3) t h e   c u r r e n t   s h u n t s ,   a n d  
( 4 )  test c i r c u i t .  F i g u r e  1 i s  a c r o s s  s e c t i o n  of t h e   b r e a k e r  
showing the  a reas  in  which  des ign  changes  were made. 
Sp r ings  
The earlier mechanism opening spr ings and the contact  wipe 
s p r i n g s ,  made o f  s p r i n g  temper I n c o n e l  X 750, l o s t  s t r e n g t h  d u r -  
ing   the   1000-hour   endurance  t es t  ( r e f .  1). The reduced  load 
d e f l e c t i o n  c h a r a c t e r i s t i c  was t h e  r e s u l t  of a permanent change 
( r e d u c t i o n )  i n  f r e e  l e n g t h .  
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An i n v e s t i g a t i o n  was i n i t i a t e d  i n t o  t h e  p r o b l e m s  o f  s p r i n g s  
fo r   h igh   t empera tu re  and   l ong   l i f e .  The  work  and r e s u l t s  are 
c o v e r e d  i n  d e t a i l  i n  r e f e r e n c e  2. T h i s  l e d  t o  t h e  s e l e c t i o n  of 
Incone l  718 as the p r e f e r r e d   m a t e r i a l .   S p r i n g s  made of  the same 
m a t e r i a l  a n d  w i t h  t h e  same p r o c e s s i n g  a s  f o r  t h e  tests i n  refer- 
ence 2 were  ob ta ined  fo r  t he  new swi tchgear .  All were checked 
p r i o r  t o  t h e  b u i l d u p ,  a n d  a g a i n  a f t e r  a l l  t h e  t e s t s  were complete.  
The r e s u l t s  will b e  d i s c u s s e d  i n  a la ter  s e c t i o n .  
Two sp r ings  were  used  to  p rov ide  p re s su re  on  the  c losed  con-  
t a c t s  o f  t h e  ac b reake r ,  w i th  a maximum of 50 pounds  requi red .  
The  two s p r i n g s  u s e d  i n  p a r a l l e l  were t o  k e e p  t h e  stress i n  t h e  
s p r i n g  wire t o  t h e  d e s i r e d  low limits. The open ing   sp r ing   and  
t h e  wipe s p r i n g  are shown i n  f i g u r e  2. 
Wipe Spring Assembly 
The r edes igned  b reake r  con tac t  wipe  spr ing  assembly  is shorn 
i n  f i g u r e  3.  T h i s  a s s e m b l y  c o n s i s t s  of a h i g h  p u r i t y  ceramic 
s h e l l ,  t h e  two ( inner   and   ou ter )   compress ion   spr ings ,   and  a n u t  
ho ld ing  a s p l i t  c u p  t h a t  s u r r o u n d s  t h e  c e n t e r  p a r t  o f  t h e  ceramic. 
It i s  as sembled  wi th  the  sp r ings  p re loaded  to  a 40-pound value. 
Thus when the  b reake r  con tac t s  t ouch ,  fo rce  on  them b u i l d s  up a t  
once,  and the 1/8- inch addi t ional  mechanism movement raises t h e  
c o m p r e s s i o n  ( s p r i n g )  f o r c e  t o  50 pounds. 
Terminals  
The o r i g i n a l  c i r c u i t  b r e a k e r  f o r  i n t e r r u p t i o n  tests had 
coppe r  t e rmina l s  a t t ached  to  the  capsu le  conduc t ing  pa r t s ,  u s ing  
a tapered  pipe  thread.   These  provided a good s e c u r e  e l e c t r i c a l  
j o i n t  b u t  were d i f f i c u l t  t o  a s s e m b l e  t i g h t l y  i n  t h e  c o r r e c t  
p o s i t i o n .  A f t e r  a p e r i o d  a t  h i g h  t e m p e r a t u r e  i n  vacuum, i t  v a s  
v e r y  d i f f i c u l t  t o  remove the  t e rmina l s  fo r  d i sa s sembly  o f  t he  
samples . 
To improve  th i s  assembly ,  new t e r m i n a l s  were designed which 
c o u l d  b e  a t t a c h e d  t o  t h e  c o p p e r  c o n d u c t o r  p a r t s  b y  means of h igh  
s t r e n g t h  A-286 b o l t s  and  nuts .  The d i f f e r e n c e  i n  e x p a n s i o n  
c h a r a c t e r i s t i c s  o f  t h e  c o p p e r  a n d  s t a i n l e s s  s t ee l  were expected 
t o  c a u s e  some l o o s e n i n g  o f  t h e  j o i n t  i f  i t  were cyc led  f rom high  
eo ~ O V J  t e m p e r a t u r e .  T h i s  w o u l d  b e  s a t i s f a c t o r y  i f  t h e  h i g h  t e m -  
p e r a t u r e  were ma in ta ined ,  a s  expec ted ,  du r ing  the  test. 
Breake r  Rad ia to r s  
Heat is  removed from the breaker  contacts ,  by conduct ion 
through the  copper  f langes  on t h e  vacuum capsu le  a s sembly ,  t o  
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c o p p e r  r a d i a t o r s  w i t h  a n  i r o n  t i t a n a t e  c o a t i n g  f o r  h i g h  h e a t  
r a d i a t i o n .  The i n s i d e   o f   t h e   b r e a k e r   i n t e r r u p t e r   s h e l l  i s  
a l s o  c o a t e d  w i t h  i r o n  t i t a n a t e  t o  r e c e i v e  h e a t  f r o m  t h e  c a p -  
s u l e  r a d i a t o r s .  The h e a t  i s  t h e n  c o n d u c t e d  t o  t h e  h e a t  s i n k  
mounting plate .  
The previous  series of tests (ref. 1) shoved   t ha t   t he   t op  
c o n t a c t  m o v i n g  r a d i a t o r  t e n d e d  t o  move from i t s  normal  shr ink 
f i t t e d  p o s i t i o n .  Also,  t h e   b o t t o m   f l a n g e   t e n d e d   t o  move ou t  of 
t h e   l o v e r   r a d i a t o r   s u p p o r t  and f o r  t h e  s u p p o r t  t o  d i s t o r t .  T h e s e  
problems were caused  by  the  h igh  impact  forces  dur ing  a c l o s i n g  
ope ra t ion .  
Bo th  p rob lems  wi th  the  r ad ia to r  s ecu r i ty  were solved by 
p i n n i n g  t h e  r a d i a t o r s  i n  place on the  f langes ,  then  adding  a 
s t a i n l e s s  steel  backup  r ing  under   the  lower  f lange.  The b reake r  
c a p s u l e ,  w i t h  r a d i a t o r s  p i n n e d  a n d  t h e  r i n g  i n  p l a c e ,  i s  shown 
i n  f i g u r e  4. 
Mechanism 
The b reake r  was t o  be operated by a mecnanism t h a t  would 
p e r m i t  r a p i d  o p e r a t i o n  i n  a high temperature vacuum environment. 
Based on t h e  d a t a  o b t a i n e d  f r o m  t h e  i n i t i a l  tests ( r e f .  l), a 
s tudy  was made and a new design chosen based upon a f l u x - s h i f t  
l a t c h  p r i n c i p l e .  The f h x - s h i f t  l a t c h  wou ld   r equ i r e  a permanent 
magnet t h a t  was s u i t a b l e  f o r  u s e  a t  1000° F  (538' C) f o r  l o n g  
per iods  of  t ime wi thout  a d e c r e a s e  i n  h o l d i n g  f o r c e .  
F lux-Shi f t  La tch .  A s u i t a b i e  d e s i g n  of magne t i c  l a t ch  was 
developed   and   incorpora ted   in to   the   o r ig ina l   bas ic   mechanism.  A 
c r o s s  s e c t i o n  of the  improved  design i s  shown i n  f i g u r e  5. Three 
f l u x - s h i f t  L a t c h e s  a r e  a r r a n g e d  a r o u n d  t h e  m e c h a n i s m ' s  c e n t r a l  
co re  (wi th  i ts  c los ing  co i l  and  a rma tu re )  be tween  the  th ree  open-  
i n g   s p r i n g s .  The l a t c h  a r m a t u r e s  a r e  a t t a c h e d  b y  f l e x i b l e  p i n s  
t o  a three-pronged   p la te   mounted   to   the   top  moving  assembly. The 
moving p a r t s  are k e p t  i n  p o s i t i o n  (and the  c los ing  a rma tu re  cen -  
t e r e d  i n  t h e  c o r e )  b y  s t a i n l e s s  s t ee l  f l ex ib l e  d i aphragms  a t  t h e  
top  and  bottom of the  mechanism.  Refer t o  f i g u r e  1 f o r  a c r o s s  
s e c t i o n  v i e w  o f  t h e  o v e r a l l  d e v i c e .  
A h igh  s t r eng th  magne t  i s  mounted  be tween the  s6f t  i ron  s ide  
p i e c e s  j u s t  a b o v e  t h e  m o u n t i n g  p l a t e .  It provides  a f lux   which  
fo l lows  a pa th  ac ross  the  po le  p i eces  and  th rough  the  a rma tu re  
when i t  i s  i n  t h e  c l o s e d  p o s i t i o n .  A 0.002-inch or  0.003-inch 
t a n t a l u m  f o i l  s h i m  i s  he Id i n  place t o  p r o v i d e  a sma l l  gap i n  t h e  
armature.  The t r i p  c o i l  is mounted  on a s l o t t e d  i r o n  c o r e  be- 
tween  the  s ide  p i eces ,  w i th  a 0.020-inch gap i n  t h e  m a g n e t i c  c i r -  
c u i  t. 
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I n  o p e r a t i o n ,  when t h e  armature is c l o s e d ,  t h e  f l u x  p a t h  is 
f rom the  magne t ,  t h rough  the  s ide  p i eces ,  ac ross  the  sho r t  gaps  
and  through the  a rmature ,  p rovid ing  a s t rong  a rma tu re  ho ld ing  
f o r c e .  When t h e  t r i p  c o i l  is e n e r g i z e d ,   t h e   r e s u l t i n g   m a g n e t o -  
mot ive   force   overcomes   the   l a rge   gap   re luc tznce .  The f l u x   t h e n  
fo l lows  the  new and  shor t e r  pa th  th rough  the  annu lus  of t h e  t r i p  
c o i l .  T h i s  d e c r e a s e s  t h e  a r m a t u r e  h o l d i n g  f l u x  b y  95 p e r c e n t  or 
more, s o  the  armature i s  r e l e a s e d   f r o m   t h e   c l o s e d   p o s i t i o n ,  Re- 
lease time i s  as s h o r t  as 3 m i l l i s e c o n d s ,  One of   the   magnet ic  
l a t c h e s  i s  shown i n  f i g u r e  6. 
Magnets. The hold ing   force   o f   the   Aln ico-8   magnets   o r ig i -  
n a l l y  u s e d  i n  t h e  l a t c h e s  was margina l ,  based  upon pre l iminary  
bench tests. A review  was made of   avai lable   permanent   magnets .  
F igure  7 is a p l o t  of v a r i o u s  p a r a m e t e r s  w h i c h  p e r t a i n  t o  t h e  
latch  and  magnet.   Curve A shows the  pub l i shed  va lue  o f  t he  A l -  
nico-8  magnet material. Curve B i s  the   demagne t i za t ion   cu rve  
f o r  t h e  a c t u a l  m a g n e t  from t h e  l a t c h  w h i c h  showed the  lowes t  pu l l .  
Curbe C i s  f o r  Aln ico -5  (g ra in  o r i en ted )  wh i l e  Curve  D i s  f o r  
Alnico-5-7,  a s p e c i a l l y  c a s t  and processed material w i t h  a h i g h l y  
d e v e l o p e d   d i r e c t i o n a l   g r a i n   p a t t e r n .  The s t r a i g h t   l i n e ,   C u r v e  E, 
is  t h e  l o a d  l i n e  f o r  t h e  s p e c i f i c  m a g n e t i c  s t r u c t u r e  w h i c h  i s  
used f o r  the  mechanism  latch.  It i s  the  magnet  permanence  co- 
e f f i c i e n t  and  s lope  i s  (-B/H) . 
A comparison of Curves A and B i n d i c a t e s  t h e  m a g n e t  f l u x  i s  
down about  10 percent   f rom  the  normal   publ ished  data .  The load 
l i n e ,  however, has more s l o p e  t h a n  was o r i g i n a l l y  e x p e c t e d  , b u t  
n o t  so much t h a t  t h e  r e l a t i v e l y  low demagnet iz ing  force  (H,) of 
Alnico-5  would  be a problem.  Alnico-8 was o r i g i n a l l y  s e l e c t e d  
because of i t s  h igh  Hc i n  case t h e  l o a d  l i n e  was  more t o  t h e  
l e f t ,  and a l s o  b e c a u s e  a v a i l a b l e  t e c h n i c a l  i n f o r m a t i o n  i n d i c a t e d  
somewhat  lower loss of  energy a t  h igh  tempera ture  than  Aln ico-5 .  
However, i n  view of t h e  d a t a  s u b s e q u e n t l y  a v a i l a b l e ,  i t  was 
appa ren t  t ha t  A ln ico -5  wou ld  p rov ide  more u s e f u l  f o r c e  a t  t h e  
operat ing  point ,   Therefore ,   the   magnets   were  changed t o  Alnico-5.  
Wi th  the  h ighe r  ene rgy  o f  t he  Aln ico -5  magne t ,  t he  f lux  a t  
t he   po le  t i p s  a s  well as  the   a rma tu re   i nc reased .   The re fo re ,  a 
review v7as made t o  c h e c k  f o r  p o s s i b l e  s a t u r a t i o n .  The r e s u l t s  
a r e  t a b u l a t e d  bel017 f o r  t h r e e  i m p o r t a n t  p o i n t s  i n  t h e  l a t c h  
s t r u c t u r e  f o r  t h e  two magnet  mater ia l s  cons idered .  
Data   Poin t   Aln ico-8   Aln ico-5  
I n  Magnet  58,700 l i n e s  80 , 000 l i n e s  
7,410 gauss  10,000 gauss  
A t  p o l e  t i p  24,600 l i n e s   3 3 , 6 0 0   l i  
14,950 gauss  20,400 gauss  
I n   a r m a t u r e   2 5 , 4 0 0l i n e s  34,600 l i n e s  
15,400  gauss 21,000 gauss  
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S a t u r a t i o n  of t h e  c o l d  r o l l e d  steel ,  a c c o r d i n g  t o  a v a i l a b l e  d a t a ,  
t a k e s   p l a c e  a t  about   21,000  gauss .  Thus the   po le   f aces  are a l -  
most a t  t h i s  l i m i t  w i t h  A l n i c o - 5 ,  b u t  s h o u l d  b e  s a t i s f a c t o r y .  
The armature,  however,  would  be a t  t h e   s a t u r a t i o n   p o i n t .  The 
armature was r e d e s i g n e d  b y  i n c r e a s i n g  t h e  c r o s s  s e c t i o n  a b o u t  
25  percent  and  us ing  ingot  i ron  which  has  an  ind ica ted  sa tura-  
t i o n  v a l u e  of  21,000  gauss.  The  armature will t h e n  a t t r a c t  
some of t h e  f r i n g i n g  f l u x  w h i c h  i s  a l s o  p r e s e n t  n e a r  t h e  p o l e  
t i p s .  
With the change in magnet material and armature design,  the 
l a t c h  h o l d i n g  f o r c e  w i t h  a 3 - m i l  gap  increased  about  30  percent .  
The new t o t a l  of  165  pounds  for  the 3 l a t c h e s  was about  100 pe r -  
cen t   above   the   des ign   ho ld ing   force   o f  77 pounds.   This  provided 
the  margin  needed  for  ho ld ing  dur ing  the  c los ing  mot ion .  
Solenoid.  To p ro tec t   aga ins t   rubb ing   and   b ind ing  a t  the  
high operat ing temperature  of  the mechanism,  s leeves made from 
cobal t -25% molybdenum (Co-25Mo) were used on the armature and 
fo r   t he   uppe r   co re   l i ne r .  In vacuum, f r i c t i o n  tests w i t h  s l i d -  
i n g  v e l o c i t i e s  up t o  2100 f e e t  p e r  m i n u t e  i n d i c a t e d  a s l i d i n g  
f r i c t i o n  c o e f f i c i e n t  o f  0 . 3  f o r  Co-25Mo on i t s e l f  ( r e f .  3 ) .  
Due t o  d i f f e r e n t  c o e f f i c i e n t s  o f  e x p a n s i o n  o f  t h e  m a t e r i a l s  
( l i n e r ,  s l e e v e  a n d  armature), c l e a r a n c e s  were c a l c u l a t e d  t o  p r e -  
v e n t  o v e r s t r e s s i n g  t h e  Co-25Mo a t  temperature .  
The mechanism has a minimum c a p a c i t y  ( c l o s i n g  f o r c e )  of  100 
pounds required to compress  the wipe spr ing assembly (50 pounds) 
and t h e   t h r e e   t r i p   s p r i n g s   ( 2 7   p o u n d s ) .   I f  a s u f f i c i e n t l y  u n i -  
form rad ia l  c learance  could  not  be  main ta ined  be tween the  arma- 
tu re  and  the  so lenoid  core ,  a magnetic s i d e  f o r c e  of  29.3  pounds 
would exist ( r e f .  4 ) .  The s l i d i n g   f r i c t i o n   f o r c e   t o  overcome 
the 29.3 pounds is  8.8 pounds which when added  to  the  w i p e  s p r i n g  
and t r i p  s p r i n g  f o r c e s  f a l l s  b e l o w  t h e  t o t a l  s o l e n o i d  f o r c e  o f  
100 p o u n d s .   S u f f i c i e n t   c l e a r a n c e  was maintained  throughout   the 
c o r e   s e c t i o n   t o   p r e v e n t   a n y   b i n d i n g .  The modified  mechanism 
w i t h  new l a t c h i n g  parts i s  shown i n  f i g u r e  8. 
I n t e r r u p t e r  U n i t  
I n t e r r u p t i o n  a n d  s w i t c h i n g  of t h e  e l e c t r i c  c i r c u i t  t a k e s  
place i n  t h e  vacuum c a p s u l e  t h a t  i s  l o c a t e d  i n  t h e  s u p p o r t i n g  
s h e l l .  The capsu le  is shorm i n  t h e  c e n t e r  of the   suppor t ing  
m e t a l  s h e l l  i n  t h e  l o w e r  p a r t  o f  t h e  b r e a k e r  ( f i g .  1). 
Ceramic  Shel l   Design.  The previous  ceramic  assembly  with 
meta l  a t tachments  was a p p a r e n t l y  t h e  l o c a t i o n  o f  o c c a s i o n a l  f l a s h -  
over as i n t e r r u p t i o n  tests were made. A des ign  and l i t e r a t u r e  re- 
view (ref. 3 )  showed t h a t   t h e   s e v e r a l   m e t a l - t o - c e r a m i c   i n t e r f a c e s  
s h o u l d  p r e f e r a b l y  b e  s h i e l d e d  t o  p r e v e n t  h i g h  v o l t a g e  stress 
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c o n c e n t r a t i o n s .  I n  vacuum a n   e l e c t r o n   d i s c h a r g e   t a k e s   p l a c e   f r o m  
t h e   n e g a t i v e   t e r m i n a l   i n  a l ine-of -s ight   manner .  When t h e  elec- 
t ron  s t ream impinges  on  a p o s i t i v e  metal t e r m i n a l  p o i n t ,  h i g h  
metal e r o s i o n   a n d   s u r f a c e   t r a c k i n g   t a k e   p l a c e .   T h i s  phenomenon 
r e d u c e s  t h e  w i t h s t a n d  v o l t a g e  v a l u e  o f  t h e  c o n f i g u r a t i o n  as much 
as 75  percent .  
Voltage stresses i n  t h e  new des ign ,  ceramic s h e l l  a s s e m b l y  
( f i g .  9 )  are r educed  wi th  the  metal junc t ions  p ro tec t ed  by  the  
ceramic .   Fur ther ,   no  metal ac tua l ly   pas ses   t h rough   t he   ce ramic .  
A h igh  t empera tu re  go ld -coppe r  (50 -50)  b raze  a l loy  was  used  to  
a t t a c h  t h e  s p i n n i n g s  t o  the  molybdenum-manganese me ta l i zed  ce- 
ramic (99.5  percent   a lumina)   surfaces .   Leak  checks showed t h e  
a s s e m b l i e s  u s e d  i n  t h e  test s a m p l e s  t o  b e  c o m p l e t e l y  t i g h t .  
Vacuum Capsule.  The  vacuum capsu le   a s sembly   i nc ludes   t he  
i n t e r r u p t e r  c a p s u l e ,  a s t a i n l e s s  s t ee l  bellows,  and  copper 
f l a n g e s   t o   w h i c h   a r e   b r a z e d   t h e  molybdenum c o n t a c t s .   B r a z e d   t o  
the  con tac t s  a r e  roda r  sp inn ings  wh ich  a re  we lded  to  the  ce ramic  
s h e l l  and  bellows. A s t a i n l e s s  s t e e l  t u b e   p r o j e c t i n g   f r o m   t h e  
bot tom sp inning  provides  the  means fo r  evacua t ion  and  sea l -o f f  
o f   t he   capsu le   ( f ig .  L O ) .  The two t e s t  samples   had  capsules  
open t o   t h e   t a n k  vacuum through  the  open  evacuat ion  tube.  The 
s e a l e d  u n i t  w i th  a n  a t t a c h e d  0.5 l i t e r  per   second  ion pump ob- 
t a i n e d   o u t g a s s i n g   d a t a .   C o n t a c t s   i n   t h e   s e a l e d   c a p s u l e   s a m p l e s  
w e r e   h e l d   c l o s e d   w i t h   s p r i n g s   p r o v i d i n g  a 20-pound f o r c e .  The 
c a p s u l e s  were used  to  de t e rmine  i f  any  .we ld ing  o r  s t i ck ing  deve l -  
oped d u r i n g  t h e  test program. 
T h e  i n t e r r u p t i o n  c a p s u l e  was  opened to  the vacuan chamber.  
There were no d i f f e r e n t i a l  p r e s s u r e  f o r c e s  p r e s e n t  s u c h  a s  would 
occur i n  a s ea l ed   capsu le .  Any fu ture   requi rement ,   where   the  
capsu le  has  to  be  evacua ted  and s e a l e d ,  w i l l  n e c e s s i t a t e  s p e c i a l  
p r o c e d u r e s  t o  overcome t h e  f o r c e s  o n  t h e  c a p s u l e  d u e  t o  a i r  
p r e s s u r e  on the   ou ts ide   o f   the   evacuated   chamber .  The s p r i n g s  
w i l l  have  to  be  changed  fo r  t e s t  pu rposes  o r  equ iva len t  open ing  
fo rces   ob ta ined   by  some o t h e r  means.  This i s  n e c e s s a r y   i f   t h e  
b r e a k e r  i s  t o  b e  o p e r a t e d  on the  launch  pad.  
The sea l ed   capsu le   s ample  i s  shown i n  f i g u r e  11. The i o n  
pump would ope ra t e  on ly  as  long as the  sur rounding  tempera ture  
was  below 700' F (371' C). To o b t a i n  t h i s  c o n d i t i o ?  d u r i n g  
t e s t i n g  a t  loooo F (538O C),  a h e a t  s h i e l d  ( 1 0  l a y e r s  o f  s t a i n -  
less s t ee l  f o i l  w i t h  wire s e p a r a t o r s )  was p laced  over  the  pump 
e n c l o s u r e  t h r o u g h  w h i c h  a i r  w a s  c i r c u l a t e d  f r o m  o u t s i d e  t h e  t e s t  
t ank  us ing  the  be l lows  hose  shown i n  f i g u r e  11. 
AC Curren t  Shunt  
A d e t a i l e d  s t u d y  of the  ac  shunt  d iaphragm conf i rmed tha t  
f a t igue  c rack ing  o f  t he  coppe r  was t a k i n g  p l a c e  r a p i d l y  i n  t h e  
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loooo F ( 5 3 8 O  C)  t empera ture ,   h igh  vacuum environment .  It w a s  
d e s i r a b l e  t h a t  a new des ign  € i t  i n t o  t h e  e x i s t i n g  b r e a k e r  c o n -  
f i g u r a t i o n   t o   k e e p   t h e   r e w o r k   e f f o r t   t o  a minimum.  The f i n a l  
d e s i g n  shown i n  f i g u r e  12 was b u i l t  a n d  t e s t e d  f o r  t h e  f i n a l  
endurance tes t .  
The arch-shaped  conductor   or   shunt  i s  composed  of e i g h t  
s t r ips  each  measuring  0.50-inch  wide  and  0.006-inch  thick.  The 
c o m p l e t e  a s s e m b l y  f o r  t h e  b r e a k e r  u t i l i z e d  e i g h t  o f  t h e s e  s h u n t s  
( r e f .  5 ) .  A stress ana lys i s   o f   t he   a r ch - shaped   conduc to r s   con -  
f i r m e d  t h e  p o s s i b i l i t y  of  us ing  Bery lco-10  a l loy  or  Cube-a l loy .  
Be ry lco -10  a l loy  appea red  f eas ib l e  f rom a s t ress  s t a n d p o i n t  b u t  
no t   f rom  the   e l ec t r i ca l   conduc t iv i ty   r equ i r emen t .   Wi th  a c u r r e n t  
f low  of  600   amperes   th rough  the   assembly ,   the   cur ren t   dens i ty  i s  
3120 amperes   pe r   squa re   i nch .   S ince   Cube-a l loy   was   s a t i s f ac to ry  
f rom  both   the  stress and e l e c t r i c a l  c o n d u c t i v i t y  r e q u i r e m e n t s ,  i t  
was u s e d  t o  f a b r i c a t e  t h e  new c u r r e n t  s h u n t  a s s e m b l y  f o r  t h e  a c  
b r e a k e r .  
A u x i l i a r y  C o n t a c t s  
Improvements   incorpora ted   in to   the  t e s t  c i r c u i t  i n c l u d e d  t h e  
a d d i t i o n   o f   a u x i l i a r y   c o n t a c t s  on the   b reaker .   These   were   incor -  
p o r a t e d  t o  i n d i c a t e  p o s i t i o n  o f  t h e  b r e a k e r  mechanism, e s s e n t i a l  
f o r  p r o p e r  and f u l l  r e c o r d i n g  o f  t h e  o p e r a t i o n .  
The s t a t i o n a r y  c o n t a c t s  w e r e  mounted  on h igh  pu r i ty  a lumina  
t o   p r o v i d e  two i n s u l a t e d   c o n n e c t i o n   ( c o n t a c t )   p o i n t s .  The moving 
c o n t a c t s  were a t tached   to   the   mechanism moving t o p   p l a t e .  As 
shown i n  f i g u r e  13, they  were a r r a n g e d  t o  b e  a d j u s t e d  by loosen ing  
the  hold ing  screws .  
A s m a l l  b a t t e r y  and r e s i s t o r  were connected  between  ground  and 
e a c h  i n s u l a t e d  c o n t a c t  and i n  s e r i e s  w i t h  a galvanometer on t h e  
v i s i c o r d e r .  When the   con tac t s   c lo sed   t he   ga lvanomete r  was d e f l e c t e d .  
The ad jus tment  was s u c h  t h a t  t h e  o n e  c o n t a c t  c l o s e d  a t  t h e  f u l l - o p e n  
pos i t i on   o f   t he   mechan i sm,   and   t he   o the r   a t   t he   fu l l - c losed   pos i t i on .  
F i n a l  room temperature  checkouts  of  the assembled breaker  with 
t h e  f i n a l  m o d i f i c a t i o n s  showed  good performance with prompt  c los-  
i ng  and ho ld ing   o f   t he   l a t ches .   T r ipp ing  was a l s o  prompt  and a t  t h e  
expected  speed.  The u n i t   ( f i g .  14) was remounted t o   t h e   h e a t   s i n k  
a n d   l e a d s   a t t a c h e d   f o r   f i n a l   i n t e r r u p t i o n ,   s w i t c h i n g ,   a n d   e n d u r a n c e  
t e s t i n g .  
TEST APPARATUS 
For   t he   endurance   t e s t ing   t he   l oad   cu r ren t  was  600 amperes, 
60 Hz. The c u r r e n t  was obtained  f rom a low v o l t a g e ,  h i g h  c u r r e n t ,  
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r e a c t o r  c o n t r o l l e d  t r a n s f o r m e r .  
The  power fo r  t h e  i n t e r r u p t i o n  tests was obtained from a 
r i n g i n g  c i r c u i t  t o  p r o v i d e  t h e  d e s i r e d  1000 Hz. A bank  of 600 
v o l t ,  h i g h  Q c a p a c i t o r s ,  c o n n e c t e d  i n  a ser ies-paral le l  conf igu-  
r a t i o n ,  w a s  u sed   w i th  a h igh  Q i n d u c t a n c e  c o i l .  The c a p a c i t o r s  
were p a r t i a l l y   d i s c h a r g e d   d u r i n g   t h e   i n t e r r u p t i o n  t e s t .  Accu- 
r a t e  t i m i n g  a n d  f a s t  moving c o n t a c t s  were r e q u i r e d  f o r  minimum 
c a p a c i t o r  d i s c h a r g e  and t h e r e f o r e  maximum recove ry  vo l t age .  
Test  Specimens 
The ac  b reake r  , complete  w i t h  mechanism and i n t e r r u p t e r  
( f i g .  1) was ene rg ized   fo r   c lo se -open   ope ra t ions   and   i n t e r rup -  
t i o n  tes t s .  Object  of t h e  t e s t  was t o   s u b j e c t   t h e   b r e a k e r   t o  
o p e n i n g  o p e r a t i o n s  t o  c h e c k  s h o r t  c i r c u i t  i n t e r r u p t i n g  a b i l i t y .  
Fu l l - load  swi t ch ing  ( c lose -open)  tes ts  were t o  b e  made a t  v a r i -  
ous time i n t e r v a l s  and f i n a l  i n t e r r u p t i o n  tes t s  a f t e r  2500 hours .  
An &ven t  r eco rde r  w i th  a t i m e  s c a l e  was used to  measure the 
fo l lowing   da t a :   vo l t age   ac ross   con tac t s ,   cu r ren t   h rough   con-  
t a c t s ,  c l o s e - c o i l  c u r r e n t ,  t r i p - c o i l  c u r r e n t ,  and a u x i l i a r y  c o n -  
t a c  ts p o s i t i o n .  
The a c  c o n t a c t  f i x t u r e ,  c o n s i s t i n g  o n l y  o f  t h e  i n t e r r u p t e r  
u n i t  w i th  a clamp  on  top ( f i g .  15) , was ene rg ized  wi th  the  same 
power a s   t h e   b r e a k e r   d u r i n g   t h e   t e s t   p r o g r a m s .  The c o n t a c t s   i n  
the   con   tac t   f ix ture   remained   c losed   th roughout   the   p rogram.  By 
f l o w i n g  c u r r e n t  t h r o u g h  t h e  f i x t u r e  c o n t a c t s ,  a s t u d y  o f  m a t e r i a l  
e r o s i o n ,  s u r f a c e  p i t t i n g  and c o n t a c t  w e l d i n g  phenomenon could  be  
made. 
The s e a l e d  c a p s u l e  ( f i g .  11) with   nonenerg ized   contac ts   had  
i t s  own vacuum pump. The c o n t a c t s   w e r e   h e l d   c l o s e d   w i t h   s p r i n g s  
t o  s e e  i f  a n y  w e l d i n g  o r  s t i c k i n g  would  develop  in  the  envi ron-  
ment over  a long- t ime  per iod .  The s e a l e d   u n i t  was t o   p r o v i d e   o u t -  
g a s s i n g  d a t a  d u r i n g  l o n g  time i n  a h igh  vacuum  and 1000° F (538O C) 
tempera ture .  
Con t ro l s  
The t e s t  sample   c lose  and  open ( t r i p )  c o i l s  were supp l i ed  
f rom  su i t ab ly   s i zed   cha rged   capac i to r   banks .  A s chemat i c   d i a -  
g r a m   o f   t h e   c o n t r o l   c i r c u i t r y  i s  shown i n  f i g u r e  1 6 .  A l so  shown 
a r e  t h e  tes t  ope ra to r s  s equence  fo r  mak ing  the  t e s t s  w i th  a n  i n -  
d i c a t i o n  o f  what   t akes   p l ace   du r ing   t he   s equenc ing .   E lec t ron ic  
t i m i n g  r e l a y s  are u s e d  t o  c o n t r o l  t h e  c l o s e  o p e r a t i o n  of t he  test 
samples  and coordinate  i t  w i t h  t h e  p o w e r  s u p p l y  a v a i l a b i l i t y .  
They a l s o  c o n t r o l  t h e  l e n g t h  of t h e  time t h e  v i s i c o r d e r  o p e r a t e s .  
Thus wi th  the  timers a d j u s t e d ,  t h e  i n t e r r u p t i o n  tes t  w i l l  be 
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t ". ". ". . . . ". . " "  ." 
a u t o m a t i c a l l y  p e r f o r m e d  a n d  t h e  r e s u l t s  r e c o r d e d  a f t e r  t h e  o p e r a t o r  
i n i t i a t e s  t h e  s e q u e n c e .  
T e s t  Power  Supply 
Modi f i ca t ions  made t o  t h e  a c  t e s t  power   supply   inc luded   the  
a d d i t i o n  o f  c a p a c i t o r s  t o  r e a c h  t h e  h i g h e r  t e s t  c u r r e n t s ,  and t h e  
development of a new i n d u c t a n c e   c o i l .  A s tudy   of   the  t e s t  i n t e r -  
r u p t i o n  r e q u i r e m e n t s  and t h e  b e s t  c o m b i n a t i o n  of c i r c u i t  components 
i s  inc luded  in  Appendix  A .  
The b reake r  ope ra t ing  speed  i s  l i m i t e d  by the  moving mass and 
s t r e n g t h  of   the  mechanism  operat ing  spr ings.  A series of  bench 
tes t s  showed t h a t  t h e  minimum time the  con tac t s  cou ld  be  expec ted  
t o  be  c losed  (du r ing  c lose -open  ope ra t ion )  was 18 m i l l i s e c o n d s .  
The r e s u l t s  of t he  s tudy  in  Append ix  A are summarized  below: 
I n i t i a l   F i n a l  Time t o  
Case 11 L (M11) C (Mrd) Amps Vol t s  Amps V o l t s   F i n a l  
I A  88.5 287 2160 1200 1800 1000 5.44 m s  
I B  88.5 287 2160 1200 1200 667 1 7  -3 m s  
I1 133.0 191 2160 1800 1200 1000 19.6 m s  
I11 58.0 440 3600  13800  65   17.9 m s  
Case I A  h a s  t h e  s p e c i f i e d  f i n a l  v a l u e s ,  b u t  t h e  s h o r t  t i m e  f o r  t h e  
power t o  d e c a y  t o  t h e m  f r o m  t h e  p r e f e r r e d  i n i t i a l  v a l g e s  makes t h e  
u s e  o f  t h i s  c o m b i n a t i o n  u n r e a l i s t i c  i n  v i e w  of the  18 m i l l i s e c o n d s  
t h a t  t h e  c o n t a c t s  w i l l  be   c losed .   Case  I B  shows the   l ower   vo l t age  
and c u r r e n t  t h a t  r e s u l t s  f o r  a time of   a lmost  18 mil l i s econds .  
O t h e r  p o s s i b l e  c i r c u i t  p a r a m e t e r s  and i n i t i a l  ( c a p a c i t o r  c h a r g e )  
c o n d i t i o n s  a r e  shown  by Cases I1 and 111. Case I1 w i t h  more L and 
lower C and a h i g h e r  c h a r g i n g  v o l t a g e  s t i l l  does not provide enough 
c u r r e n t  a t  i n t e r r u p t i o n .  Case I11 w i t h  lower L and  higher C y  w i l l  
g i v e  f u l l  c u r r e n t  b u t  l o w e r  v o l t a g e  a t  t h e  i n t e r r u p t i o n  p o i n t .  
The a r rangement  wi th  the  Case  111 c o n d i t i o n s  was s e l e c t e d  a s  
b e i n g  t h e  m o s t  r e a l i s t i c  f o r  p r o v i n g  t h e  b r e a k e r  r a t i n g  w i t h o u t  
t o o   g r e a t l y   e x c e e d i n g   t h e   b r e a k e r   c o n t a c t   c l o s i n g   c a p a c i t y .  The 
somewhat  low v o l t a g e  a t  i n t e r r u p t i o n  d o e s  n o t  a p p r e c i a b l y  r e d u c e  
the  duty  on the  b reake r  because  i t  i s  w e l l  known  th'at t he  vacuum 
i n t e r r u p t e r  i s  more c u r r e n t   t h a n   v o l t a g e   s e n s i t i v e .  By i n c r e a s -  
i n g  t h e  v o l t a g e  a p p l i e d  t o  t h e  c a p a c i t o r s  and  the  energy  of  the 
r i n g i n g  c i r c u i t ,  o p e n i n g  tes ts  would  be a t  r a t e d  v o l t a g e  and 
s l i g h t l y   a b o v e   c u r r e n t   r a t i n g .  T h i s  t e s t  would  explore  perform- 
ance  above  des ign  poin t .  
I n s t a l l a t i o n  o f  a f a s t  o p e r a t i n g  a i r  s w i t c h  f o r  c i r c u i t  c l o s -  
i n g ,  p l u s  m o d i f i c a t i o n s  of  t h e  c o n t r o l  c i r c u i t s ,  p e r m i t t e d  o p e n i n g  
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tests w i t h  t h e  b r e a k e r  t r i p  c o i l  power synchronized  wi th  the  
c l o s i n g   o f   t h e   a i r   s w i t c h .  A l l  a c   c a p a c i t o r s  were housed i n  one 
c a b i n e t  w i t h  v e r y  s h o r t  l e a d s .  A l l  nearby  magnet ic  material was 
removed t o  r e d u c e  h y s t e r e s i s  and  eddy cur ren t  losses .  
A n a l y s i s  o f  t h e  l a y e r  wound c o i l  ( w i t h  t h i n  f l a t  c o p p e r  s t r i p )  
u s e d  i n  t h e  l a s t  series o f  tests l e d  t o  t h e  c o n c l u s i o n  t h a t  l o s s e s  
were h i g h e r   t h a n   e x p e c t e d   o r   u s e a b l e .   T h e r e f o r e ,  a s tudy  of c o i l  
des ign  l ed  to  the  deve lopmen t  of a s i n g l e  l a y e r  c o i l  u s i n g  L i t z  
c a b l e ;  w i t h  t h e  c o i l  l e n g t h  a p p r o x i m a t e l y  e q u a l  t o  t h e  d i a m e t e r  
f o r  b e s t  e f f i c i e n c y .  
A c o i l  f o r  t h e  Case I11 cond i t ion  no ted  above ,  p rov id ing  a 
1000 Hz tes t  frequency,  used a conductor  cons is t ing  of  3-400 MCM 
( c o p p e r   s e c t i o n )   L i t z   c a b l e s ,   t w i s t e d   a s   t h e y  were a s s e m b l e d   i n  
p a r a l l e l  t o  p r o v i d e  a t o t a l  c r o s s  s e c t i o n  o f  1200 MCM. Each  cable 
cons i s t ed  o f  7 groups of 7 c a b l e s ,  e a c h  w i t h  82 i n s u l a t e d  #30 wire ,  
on a 0.44-inch j u t e  c e n t e r .  The cable   bundle   was   insu la ted   wi th  
a neoprene boot  (z ipper  tubing)  and placed on a wooden reel  t o  p r o -  
vide' a c o i l  w i t h  a mean diameter  of 27 inches  and l e n g t h  ( c a b l e  
c e n t e r   l i n e )   o f  26 inches .  Heavy t e r m i n a l s   w e r e   s o l d e r e d   t o   t h e  
e n d s  o f  t h e  c a b l e s ,  t a k i n g  c a r e  t o  b e  s u r e  t h e  i n d i v i d u a l  wire  i n -  
s u l a t i o n  was f u l l y  removed b e f o r e  a t t a c h i n g  t h e  t e r m i n a l s .  
The t e s t  and recording  equipment   connected u p  and  ready  for  
i n t e r r u p t i o n   t e s t i n g  i s  shown i n   f i g u r e  17 .  Note   the  inductance 
c o i l  w i t h  o n e  t e r m i n a l  a t t a c h e d  t o  t h e  ac se l ec to r  swi t ch  and  the  
o t h e r  ( h i d d e n )  a t t a c h e d  t o  t h e  c a b i n e t s  w i t h  t h e  c a p a c i t o r s  i n  t h e  
c e n t e r   b a c k   o f   t h e   p i c t u r e .  The tes t  samples a r e   i n s i d e   t h e   v a c -  
uum tank .  The f eed - th roughs   a t   t he   bo t tom  o f   t he   t ank   a r e   fo r  
lamp (oven)   power ,   cont ro l ,   and   tes t ing   power ,   and   a l l   thermocouples .  
Tes t ing   cont ro l   and   record ing   equipment  i s  i n  t h e   c a b i n e t s  a t  t h e  
l e f t  o f  t h e  p i c t u r e .  
RESULTS AND DISCUSSION 
Pre l imina ry  Tes t ing  
Timing tes ts  showed t h a t   t h e   t i m e   c o n s t a n t   ( t i m e   f o r   t h e   c u r -  
r e n t  t o  d e c r e a s e  t o  37 pe rcen t  o f  o r ig ina l  va lue )  had  changed  f rom 
1 6  t o  22 m i l l i s e c o n d s  a f t e r  t h e  c i r c u i t  a r r a n g e m e n t s  m o d i f i c a t i o n s  
had   been   incorpora ted   in to   the   sys tem.  The b reake r  was operated  and 
c h e c k e d  o u t  a t  room t e m p e r a t u r e  w i t h  t h e  c l o s e  and t r i p  c o i l  power 
s u p p l i e s  ( c a p a c i t o r   d i s c h a r g e )   s e t   f o r  optimum performance. Visi- 
c o r d e r   r e c o r d s   o f   t y p i c a l   o p e r a t i o n s  showed the   fo l lowing:  
(1) With  breaker   c losed  and  the  mechanism  la tched,   breaker  
s t a r t s  moving i n  2 m i l l i s e c o n d s  a f t e r  t r i p  c o i l  is energized,   and 
i s  f u l l y  open i n  1 7  m i l l i s e c o n d s .  
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(2)  With  breaker  open  and  mechanism reset and t r i p  c o i l  
energized  (mechanism w i l l  n o t  l a t c h  i n  c l o s e d  p o s i t i o n )  b r e a k e r  
s tar ts  moving i n  9 mi l l i seconds ,  main  contac ts  touch  2 .5  m i l l i -  
seconds   l a te r ,   mechanism i s  f u l l y  c l o s e d  i n  10 m i l l i s e c o n d s ,  
and c o n t a c t s  p a r t  ( c i r c u i t  i n t e r r u p t e d )  i n  19.5 m i l l i s e c o n d s  
a f t e r  t h e y  f i r s t  t o u c h e d .  
T h e s e  d a t a  i n d i c a t e  t h a t  ( a t  room tempera ture)   the  time t h e  
power c i r c u i t  would  be  closed i s  less than  20  mi l l i seconds  s o  
t he  t e s t  c i r c u i t  t i m e  c o n s t a n t  o f  22 m i l l i s e c o n d s  would  be 
a c c e p t a b l e .  
I n t e r r u p t i o n  Tests 
The b reake r  was s u b j e c t e d  t o  t h r e e  f u l l  power  close-open 
o p e r a t i o n s  a t  the  beg inn ing  and te rmina t ion   of   the   endurance  t e s t .  
A d d i t i o n a l  tes ts  were a l so  pe r fo rmed  a t  reduced power checking 
s h o r t  c i r c u i t  i n t e r r u p t i n g  a b i l i t y  u s i n g  a souzce  to  p rov ide  1800 
amperes rrns ( i n i t i a l )  and 650 v o l t s  rms (minimum) a t  i n t e r r u p t i o n  
w h i l e  s t a b l i l i z e d  a t  1000° F (538' C) i n  a vacuum  chamber. An 
e v e n t   r e c o r d e r   ( v i s i c o r d e r )   w i t h  a time scale   measured  the  fol low- 
ing   da t a :   vo l t age   ac ross   t he   con tac t s ,   cu r ren t   h rough   t he   con-  
t a c t s ,  c l o s e  c o i l  c u r r e n t ,  t r i p  c o i l  c u r r e n t ,  and a u x i l i a r y   c o n -  
t a c t s  p o s i t i o n .  
Data  obta ined  f rom both  ser ies  o f  i n t e r r u p t i o n  t e s t i n g  i s  
g i v e n   i n   t a b l e  I. It shows overa l l   per formance   of   the  t e s t  c i r -  
c u i t  and t h e  e f f e c t  o f  c h a n g e s  i n  t h e  c a p a c i t o 2  banlc cha rg ing  
v o l t a g e  on a v a i l a b l e  c u r r e n t  and v o l t a g e  a t  t h e  time of i n t e r -  
r u p t i o n .  The  f r equency   was   j u s t   unde r   t he   des i r ed  1000 Hz w i t h  
c o n s i s t e n t   o p e r a t i n g  times. By cha rg ing   t he   capac i to r   bank   w i th  
a low va lue  oE v o l t a g e  and i n c r e a s i n g  s a m e ,  t h e  c i r c u i t  c a p a b i l i t y  
was v e r i f i e d   f o r   t h e  t e s t  s p e c i f i c a t i o n s  a t  i n t e r r u p t i o n .  It i s  
t o  b e  n o t e d  t h a t  t h e  b r e a k e r  s u c c e s s f u l l y  i n t e r r u p t e d  t h e  c u r r e n t  
a t  a va lue  50 p e r c e n t  h i g h e r  t h a n  t h e  s p e c i f i c a t i o n s  c a l l e d  f o r .  
The b reake r  func t ioned  p rope r ly  and m e t  t h e  r e q u i r e d  s p e c i f i -  
c a t i o n s  of  t h e  p r o g r a m ,  i n t e r r u p t i o n  and  c lose-open  switching 
o p e r a t i o n s .   C o n t a c t   s t i c k i n g   o r   s p o t   w e l d i n g   o c c a s i o n a l l y  was 
encoun te red ,  r equ i r ing  a t empora ry  dec rease  in  t empera tu re  wi th in  
the   chamber .   Th i s   i nc reased   t he   open ing   sp r ing   fo rce   s l i gh t ly  
(and  probably  a f fec ted  the  weld)  which  was s u f f i c i e n t  t o  p e r m i t  
t h e  c o n t a c t s  t o  o p e n .  
F igure  18 i s  a t y p i c a l  v i s i c o r d e r  r e c o r d  o f  a n  o p e n  o n l y  i n -  
t e r r u p t i o n  t e s t .  The b reake r  i s  i n  a c l o s e d   p o s i t i o n   a n d   c a r r i e s  
a 600 ampere  normal  oad a t  t h e  s t a r t  o f  t h e  i n t e r r u p t i o n  tes t .  
The 600 ampere load is  c u t  o f f  by t h e  a i r  s w i t c h  a t  t h e  i n s t a n t  
t h e   f a u l t   c u r r e n t   f r o m   t h e   c a p a c i t o r   b a n k  i s  t r ipped .   Trace  "A" 
shows  the   capac i tor   bank   charged   to   1250  vo l t s ,   whi le   t race  "B" 
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i n d i c a t e s  t h e  f a u l t  cur ren t  d i scharged  f rom the  capac i tor  bank  
(wi th  an  in i t i a l  peak  o f  3600  amperes )  t h rough  the  b reake r  l a s t -  
i n g   f o r  10.4 mil l i s econds .  The t r a c e  I ' D "  i s  t h e  mechanism t r i p  
c o i l   c u r r e n t .  The a u x i l i a r y   c o n t a c t s ,   t r a c e  "C", i n d i c a t e  com- 
p l e t e  opening of t h e   b r e a k e r   c o n t a c t s   i n  31 m i l l i s e c o n d s .  No 
movement i s  shown o n  t h e  c l o s i n g  c o i l ,  t r a c e  "E", as  the   b reake r  
h a d  b e e n  c l o s e d  i n i t i a l l y  on t h e  600  ampere  load. 
Endurance  and Load Swi tch ing  Tes t s  
The b r e a k e r  a n d  c o n t a c t  f i x t u r e  c o n n e c t e d  t o  h e a t  s i n k s  were 
s u b j e c t e d  t o  t h e i r  n o r m a l  c u r r e n t  r a t i n g s  w h i l e  i n  vacuum  and a 
loooo F (538O C)  envi ronment   for  a t o t a l  of 2700 hour s .   Fu r the r -  
more, t h e  b r e a k e r  w a s  s u b j e c t e d  t o  a t  l e a s t  t h r e e  c l o s e - o p e n  tes t s ,  
s w i t c h i n g  t h e  n o r m a l  c u r r e n t  of 600 amperes a t  t h e  end of  these 
p e r i o d s  of  endurance tes t  time: 5 ,  15, 3 0 ,  100, 200 hours   and  then 
each  succeeding  200 hour s  wi th  a f i n a l  ser ies  a t  the  end of the  
endurance t e s t .  P r i o r   t o   s t a r t i n g   t h e  tes ts ,  t h e n   b e f o r e   a n d   a f t e r  
each ser ies  of  s w i t c h i n g  t e s t s ,  and a t  t h e  end cf the  endurance 
t e s t ,  t h e   c o n t a c t   r e s i s t a n c e   ( b y   t h e   v o l t a g e   d r o p   m e t h o d )  was d e t e r -  
mined. 
The va lues   ob ta ined   f rom  the   se r ies   o f   measurements ,   dur ing  
the  endurance tes t  a r e  shown i n  t a b l e  11. I t  i s  t o  be   no ted   t ha t  
t h e  f i n a l  r e s i s t a n c e  v a l u e  i s  b e l o w  t h e  i n i t i a l  v a l u e  and  never 
i nc reased .  The c o n t a c t s ,   t h e r e f o r e ,   d i d   n o t   d e t e r i o r a t e   b u t  were 
a c t u a l l y  c o n d i t i o n e d  d u r i n g  o p e r a t i o n .  
R e s u l t s  of t y p i c a l  l o a d  s w i t c h i n g  t e s t s  c o n d u c t e d  a f t e r  t h e  
2700  hour   endurance  run are shown i n  t a b l e  111. A t o t a l  of 32 
l oad  swi t ch ing  ope ra t ions  were i n i t i a t e d  w i t h  s e v e r a l  c o n d u c t e d  a t  
e a c h   c u r r e n t   l e v e l .  The a u x i l i a r y   c o n t a c t s  were  closed  ahead  of 
t h e  main c o n t a c t s ,  two to   t h ree   mi l l i s econds ,   because   t hey   ( aux-  
i l i a r y  c o n t a c t s )  were p o s i t i o n e d  t o  h a v e  a s l i g h t  w i p e  a c t i o n  t o  
i n s u r e  good c o n t a c t .  The cons i s t ency  of  t he   b reake r   ope ra t ion   can  
be  noted  f rom  the  c losing  and  opening times. 
The planned combinat ion endurance-switching t e s t  s e r i e s  was 
successfu l ly   comple ted .   Tempera ture  r ises  i n   t h e   a c   b r e a k e r  and 
c o n t a c t  f i x t u r e  w h i l e  c a r r y i n g  600  amperes  was a maximum ( a t  
upper  te rmina ls )  of  60 t o  70° F ( 1 5  t o  21' C) , w i t h  t h e  h e a t  s i n k  
t e m p e r a  t u r e s  h e l d  a t  1000° F (538' C) . 
Some o c c a s i o n a l  s t i c k i n g  o f  t h e  b r e a k e r  c o n t a c t s  o c c u r r e d  
d u r i n g  some o f  t h e  s w i t c h i n g  t e s t s ,  d u e  a p p a r e n t l y  t o  t h e  h i g h  
in rush   o f   t he  low v o l t a g e  ac s u p p l y   c i r c u i t .   T h i s  c i r c u i t  i n -  
c luded a s a t u r a b l e  r e a c t o r  c o n t r o l  f o r  t h e  h i g h - c u r r e n t  t r a n s -  
fo rmer   ou tpu t .   Th i s   con t ro l  d i d  no t  limit the   in rush   which  
occurred  when c l o s i n g   t h e   b r e a k e r .  It requ i r ed   nea r ly   one  sec- 
ond f o r  t h e  i n r u s h  c u r r e n t  (which w a s  as high  as   3000  amperes)  
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t o  d e c a y  a n d   b e   c o n t r o l l e d   t o   t h e   r e q u i r e d   6 0 0  amperes. However, 
when t h e  c o n t r o l  was p r e s e t  t o  t h e  d e s i r e d  v a l u e  and  manually 
o p e r a t e d ,  t h e  i n r u s h  c u r r e n t  was l i m i t e d  t o  a p p r o x i m a t e l y  600 
amperes. This   sequence of o p e r a t i o n  was u s e d   f o r   t h e   m a j o r i t y  
o f  t he  swi t ch ing  tests. 
F igure  19  i s  a v i s i c o r d e r  r e c o r d  o f  a t y p i c a l  c l o s e - o p e n  
swi t ch ing   ope ra t ion .  To i n s u r e   t h a t   t h e   b r e a k e r   l a t c h e d   p r o p e r l y ,  
t he  t r i p  p a r t  of t h e   c y c l e  was de l ayed   abou t   ha l f  a second. The 
v o l t a g e ,  trace "A", is  t h e  60 c y c l e  , 10 t o  15 v o l t s  l o a d  s o u r c e  
from a l a r g e  low v o l t a g e   t r a n s f o r m e r .  When t h e  c l o s i n g  c o i l  i s  
a c t i v a t e d ,  t r a c e  "E" , t h e  b r e a k e r  c l o s e s  i n  on the  load,   and 
c u r r e n t  f l o w s  , t r a c e  "Bt t  . The a u x i l i a r y  c o n t a c t s ,  t r a c e  "C", 
show the mechanism being closed in  23.5 mil l iseconds and remain-  
i n g   c l o s e d   f o r  0.48  seconds .  The m a i n   c o n t a c t   c u r r e n t ,   t r a c e  
t a c t   c l o s i n g  i s  i n i t i a t e d .   A f t e r   b e i n g   c l o s e d   f o r   t h e  0.48  
seconds   and   ca r ry ing   t he   f i na l   s t eady  s t a t e  600   amperes   cur ren t ,  
t he  t r i p  c o i l  i s  a c t i v a t e d  w i t h  t h e  m a i n  c o n t a c t s  o p e n i n g  i n  8.0 
m i l l i s e c o n d s .  The a u x i l i a r y   c o n t a c t s ,   t r a c e  "C", show f u l l  con- 
t a c t  o p e n i n g  i n  2 7 . 6  m i l l i s e c o n d s  a f t e r  t r i p  c u r r e n t  i s  app l i ed .  
l l g l l  , shows t h e  c u r r e n t  f l o w i n g  f o r  24.8 m i l l i s e c o n d s  a f t e r  c o n -  
POST-TEST  ANALYSIS 
Upon comple t ion  of  the  t e s t  program,  the  breaker   and  capsules  
were removed f rom the  vacuum tank  and  d ismant led  to  v isua l ly  and  
m e t a l l u r g i c a l l y  a n a l y z e  t h e i r  c o n d i t i o n .  
C o n t a c t  F i x t u r e  
The  d i s m a n t l e d   c o n t a c t   f i x t u r e  i s  shown i n   f i g u r e  2 0 .  The 
s t a i n l e s s  s t e e l  c lamping  bar  and  re la ted  par t s  had  a d a r k  b l u e  
coat ing  which  was  hard  and  very  thick.  The a l u m i n a   i n s u l a t i o n  
p i e c e s  are a l l  darkened with a g ray i sh  coa t ing  wh i l e  t he  coppe r  
s h e l l  showed  some o x i d e  d i s c o l o r a t i o n .  
I n  d i s m a n t l i n g  t h e  f i x t u r e  i t  was  found t h a t  t h e  c l a m p i n g  
disc   between  the  wipe  spr ing  assembly  and  the  copper   diaphragm 
were d i f f u s i o n  w e l d e d  t o g e t h e r  a n d  t o  t h e  t o p  f l a n g e  of t he  cap -  
s u l e .   T h i s   r e q u i r e d   t h a t   t h e   d i a p h r a g m   f l e x i b l e   l e a v e s   b e   c u t  
for   removal .  The shun t   l eaves  showed no   s ign   o f  stress c rack ing ;  
however ,   they  did  not  move d u r i n g  t h e  more than  2700  hours   in  
vacuum a t  1000° F (538' C) . The copper   t e rmina ls   were   found  to  
be s l i g h t l y   l o o s e .   T h i s  was a p p a r e n t l y   d u e   t o   t h e   d i f f e r e n t i a l  
thermal  expansion of  the A286 clamping bol t  which deformed the 
copper   t e rmina ls .  On c o o l i n g   t o  room temperature ,   the   copper  
remained   deformed  and   therefore   the   bo l t   loosened .  The r a d i a -  
t o r s  were removed w i t h  d i f f i c u l t y  b e c a u s e  t h e y  h a d  d i f f u s i o n  
welded t o   t h e   c a p s u l e   f l a n g e s   d u r i n g   t h e   t e s t  time. Then t h e  
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c a p s u l e  w a s  c u t  a p a r t .  The i n s i d e  of t h e   c a p s u l e  ceramic was 
c l e a n ,  as  were the   rodar   end   sp innings .  However, they  had a 
g r a y i s h  d u l l  s u r f a c e  c o a t i n g  a s  i n d i c a t e d  i n  f i g u r e  21. 
Around t h e  s t a i n l e s s  s t ee l  t u b u l a t i o n  e n t r a n c e  was a d a r k e r  
smear; t h i s  a p p a r e n t l y  is a n  o x i d e  f r o m  t h e  s t a i n l e s s  s t ee l  
caused by the  h igh  t empera tu re  and  poss ib ly  a lower  vacuum  than 
the  measured 10-6 t o r r  o r  b e t t e r ,  due t o  t h e  c o n t a c t  f i x t u r e  b e -  
i n g  a t  the  top  o f  t he  oven  and  fu r thes t  f rom the  ion  pump and  ion  
gauge. 
The c o n t a c t  s u r f a c e s  i n  t h e  b r e a k e r  f i x t u r e  showed d e f i n i t e  
e v i d e n c e  o f  s u r f a c e  p i t t i n g ,  a s  c a n  b e  s e e n  i n  f i g u r e s  22a  (top 
con tac t )   and  22b (bo t tom  con tac t ) .  This p i t t i n g  is undoubtedly 
caused  by  the  h igh  shor t  c i r cu i t  cu r ren t s  (3000-4000  amperes )  
d u r i n g   i n t e r r u p t i o n  and  switching tests. However, t h i s   s u r f a c e  
c h a n g e  d i d  n o t  r e s u l t  i n  a n y  w e l d i n g  o r  s t i c k i n g ,  f o r  t h e  c o n -  
t a c t s  came a p a r t  f r e e l y  when t h e  w i p e  s p r i n g  p r e s s u r e  was removed. 
The s u r f a c e s  a f t e r  t h e  more than 2700 hours  of  tes t ing can be com- 
pa red  wi th  the  su r faces  be fo re  the  capsu le s  were  a s sembled ,  a s  
shown i n  f i g u r e s  23a ( top )  and  23b  (corresponding  to  the a ( top)  
a n d  b c o n t a c t  s u r f a c e s  i n  f i g u r e  2 2 ) .  
Sealed Capsule  
The s e a l e d  c a p s u l e  s u b j e c t e d  t o  t h e  h i g h  t e m p e r z t u r e  o f  t h e  
t e s t  env i ronmen t  had  been  in  a condi t ion  of  vacuum ,less than  
10- t o r r )   f o r  a pe r iod   o f   nea r ly  two years .   Dur ing   th i s   t ime no 
leaks  developed.  
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The i n s i d e  of t he   capsu le   ( ce ramic   and   me ta l   pa r t s )   was ,   i f  
a n y t h i n g ,   c l e a n e r  and b r i g h t e r   t h a n  when i t  was assembled. A 
c l o s e u p  v i e w  o f  t h e  c o n t a c t  s u r f a c e s  a t  t h e  e n d  o f  t h e  t e s t  i s  
shown i n  f i g u r e s  24a  ( top  contact)   and  24b  ( lower  contact)  . The 
s u r f a c e s  b e f o r e  a s s e m b l y  a r e  shown i n  f i g u r e s  25a ( t o p  c o n t a c t )  
and  25b  ( lower  contact) .  The s m a l l  marks sca t te red  on  the  con- 
t a c t   s u r f a c e s   a f t e r   t h e   t w o - y e a r   p e r i o d   a r e   s u p e r f i c i a l .  They 
were  apparent ly   caused  by  physical   handl ing of the  capsule   (con-  
t a c t s  j a r r i n g  e a c h  o t h e r )  p r i o r  t o  f i n a l  c l a m p i n g  and  evacuat ion.  
Dur ing   t he   t e s t   pe r iod ,   t he   i on  pump maintained a vacuum 
and  was  used t o  i n d i c a t e  a p p r o x i m a t e  p r e s s u r e  i n  t h e  c a p s u l e  by 
u s i n g  pump c u r r e n t  a s  a p r e s s u r e   i n d i c a t o r .  A t  room temperature  
c o n d i t i o n s   t h e   p r e s s u r e  was i n   t h e   t o r r   a n g e .  However, 
when t h e  c a p s u l e  w a s  h e a t e d  t o  1000° F (538' C )  the pump was 
o n l y   a b l e   t o   m a i n t a i n  a p r e s s u r e  i n  t h e   t o r r   r a n g e .  This 
i n d i c a t e d  a p p r e c i a b l e  and c o n t i n u i n g  o u t g a s s i n g  f r o m  t h e  m a t e r i a l s  
i n  the capsule ,  even though they had been careful ly  processed and 
baked  out   above  the  operat ing  temperature   during  assembly.  
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Breaker  
The b reake r  was dismantled and the p a r t s  a r e  shown i n  
f i g u r e  26.  The c o n d i t i o n  of t h e   v a r i o u s   p a r t s  was similar t o  
t h a t   o b s e r v e d   i n   t h e   c o n t a c t   f i x t u r e .  The a l u m i n a   i n s u l a t i n g  
r i n g s  were darkened with a g r a y i s h  c o a t i n g ,  e s p e c i a l l y  a t  t h e  
h o l e s   i n   t h e   s h e l l   w h e r e   t h e   t e r m i n a l s  were a t t a c h e d .  The termi- 
n a l s  and t h e   i n t e r r u p t e r   s h e l l   w e r e   s l i g h t l y   o x i d i z e d .  One te r -  
mina l  was s l i g h t l y   l o o s e .   T h i s  was undoubtedly  caused by de-  
format ion  a t  high temperature  of  the copper  under  the A286 h igh  
s t r e n g t h  b o l t .  
The s p r i n g s  w e r e  s l i g h t l y  b l u e d ,  b u t  tes ts  i n d i c a t e d  l i t t l e  
c h a n g e   i n   c h a r a c t e r i s t i c s .   T a b l e  Iv shows r e l a x a t i o n  of  the 
s p r i n g s   d u r i n g  t e s t .  The r e l a x a t i o n  i s  w e l l  w i t h i n   t h e  5 p e r c e n t  
limit c h a n g e   s e t   a s  a r equ i r emen t   ( r e f .   2 ) .   Tab le  V g i v e s   p r e -  
t e s t  a n d  pos t - t e s t   da t a   fo r   mechan ica l   l oad ing   o f   t he   sp r ings .  A 
s l i g h t  i n c r e a s e  i n  s t r e n g t h  i s  apparent,   which  might  be a form  of 
c y c l i c a l l y   s t r a i n - h a r d e n i n g   ( r e f .   6 ) .  
The b reake r  capsu le  was  mounted i n  a f i x t u r e  t o  remove t h e  
r a d i a t o r s  and   t hen   cu t   apa r t .  The top   and   bo t tom  contac ts ,   and  
t h e  c e r a m i c  s h e l l  w i t h  t h e  c e n t e r  s h i e l d  are shown i n  f i g u r e  27. 
The lower   r ad ia to r  i s  s t i l l  a t t a c h e d   t o   t h e   l o w e r   f l a n g e  in t h i s  
p i c t u r e .  Note e s p e c i a l l y   t h a t   t h e   s h i e l d   i n   t h e   c e r a m i c   c y l i n d e r  
was s p a t t e r e d  w i t h  metal p a r t i c l e s  f r o m  t h e  molybdenum c o n t a c t s .  
T h e  p a r t i c l e s  were  e j ec t ed  ou tward  du r ing  c los ing  on h i g h  i n r u s h  
c u r r e n t s   o r   d u r i n g   t h e   h i g h  power i n t e r r u p t i o n s .   M e t a l   s p a t t e r  i s  
a l s o  c l e a r l y  v i s i b l e  a t  t h e  b a s e  o f  t h e  t o p  (moving) c o n t a c t  marked 
#l  i n  f i g u r e  27 and  was s l i g h t l y  p r e s e n t  i n s i d e  t h e  b o t t o m  s h i e l d .  
A c loseup  v i ew o f  t he  con tac t  su r f aces  i s  g i v e n  i n  f i g u r e s  28a 
( t o p   c o n t a c t )  and  28b  (bottom  contact) .   These same c o n t a c t   s u r -  
f a c e s ,  b e f o r e  a s s e m b l y  i n t o  t h e  b r e a k e r  c a p s u l e ,  a r e  shown i n  f i g -  
u r e s  29a  and  29b.  They  had  been  prepared by t u r n i n g  and  smoothing 
w i t h  a 11600 g r i t  a b r a s i v e .  It can   be   no ted   t ha t   t he   e ros ion   o f  
t h e   s u r f a c e s   d u e   t o   t h e   s w i t c h i n g   o p e r a t i o n s  i s  e x t e n s i v e .  It was 
a l s o  o b s e r v e d  t h a t  a p p a r e n t l y  t h e  two c o n t a c t  s u r f a c e s  t o u c h e d  
s l i g h t l y   o f f   c e n t e r .   I n   c l o s i n g  a t  t h e   h i g h   t e m p e r a t u r e s ,   t h e  
molybdenum  was m e l t e d  momentarily a t  t h e  p o i n t s  of contact and 
sprayed   a long   the   s ides   o f   the   top   contac t .  
The bo t tom con tac t  was s e c t i o n e d ,  p o l i s h e d  and  etched. 
Microphotographs were t a k e n  o f  t h e  c o n t a c t  s u r f a c e s  a s  w e l l  as 
the  brazed  areas  where  the  molybdenum c o n t a c t  was a t t a c h e d  t o  t h e  
Amzirc   f lange.   Evaluat ion of  t he   mic ros t ruc tu re   benea th   t he  
e r o d e d   s u r f a c e   a r e a s   c o n f i r m e d   t h a t   m e l t i n g  had  occurred.   Fig-  
ures  30a  and  30b show  one  of t he  many a r e a s  t h a t  i n d i c a t e  a r e c a s t  
s t r u c t u r e .  It i s  a p p a r e n t   h a t   d u r i n g   t h e   s w i t c h i n g  tests some of 
t he   a r eas   have   been   hea t ed ,   worked ,   and   r ec rys t a l l i zed .  They  show 
a mixture   o f   f ine   co lumnar   and   equiaxed   gra ins .   Jus t   be low  the  
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r e c a s t  area,  between 5 and 10 m i l s  f r o m  t h e  s u r f a c e ,  t h e  h e a t  
f r o m   a r c i n g   h a s   c a u s e d   t h e   m a t e r i a l   t o   r e c r y s t a l l i z e .   T h i s   i n -  
d i c a t e s  t h a t  t h e  h e a t  f r o m  a r c i n g  d i s s i p a t e d  r a p i d l y  n e a r  t h e  
s u r f a c e .  
C r a c k s  c a n  a l s o  b e  s e e n  i n  t h e  r e c a s t  a n d  r e c r y s t a l l i z e d  
areas that .  f o l l o w  g ra in   boundar i e s   and   c l eavage   p l anes .  The 
b r i t t l e  r e c a s t  and b r i t t l e  r e c r y s t a l l i z e d  g r a i n s  c l e a v e d  t o  re- 
l i eve  the  s t r e s ses  caused  by  the  mechan ica l  fo rces  gene ra t ed  
d u r i n g  t h e  s w i t c h i n g  o p e r a t i o n s  a t  t h e  o p e r a t i n g  t e m p e r a t u r e  o f  
loooo F (538O C). The g r a i n   b o u n d a r y   c r a c k s   a r e   p r o b a b l y   d e r i v e d  
from a t h e r m a l  o r i g i n  c a u s e d  by the  h igher  tempera tures  of  a rc ing .  
The vo ids  seen a r e  p r o b a b l y  t h e  r e s u l t  o f  c r a c k s  t h a t  c o m p l e t e l y  
encompassed   g ra in ( s ) .   Dur ing   po l i sh ing   t hese   a r eas  were p u l l e d  
o u t .  
C l o s e  i n s p e c t i o n  o f  t h e  b r a z e d  molybdenum contac t  assembly  
i n d i c a t e s  t h a t  t h e  molybdenum c o n t a c t  moved back  toward  the  Amzirc 
f l a n g e  on one s i d e .  Measurements   indicated a 3 3  m i l  d i f f e r e n c e  i n  
e l eva t ion   f rom  one  s i d e  t o   t h e   o t h e r   o f   t h e   c o n t a c t .  The micro- 
s t r u c t u r a l  e v a l u a t i o n  i n  t h e  b r a z e  a r e a  i n d i c a t e d  a l ack  o f  b raze  
on t h e  s i d e  t h a t  was back  ex t ruded ,  as can  be  seen  in  f igu res  30c  
and  30d.  Apparently,   the  combination  of  the  dynamic  force on t h e  
c o n t a c t s  d u r i n g  c l o s i n g ,  t h e  f o r c e  t o  m a i n t a i n  t h e  c l o s e d  p o s i t i o n  
(50 pounds) ,   p lus   the   l ack   o f   b raze   on   one   s ide ,   caused   the   contac t  
t o  t i l t  and  deform  the  end  flange. 
The e v a l u a t i o n  i n d i c a t e s  t h a t  a r c i n g  undoubted117 caused  the  
damage observed on the   con tac t s .   Arc ing   no t   on ly   e roded   t he   con-  
t a c t  s u r f a c e s ,  i t  a l s o  i n c r e a s e d  t h e  u n i t  s t r e s s e s  a c t i n g  on t h e  
c o n t a c t   s u r f a c e s .   T h e s e   h i g h   u n i t   s t r e s s e s   a l o n g   w i t h   t h e   i n -  
c r e a s e d  l o c a l  h e a t  f r o m  h i g h e r  c u r r e n t  d e n s i t i e s  c a u s e d  c o n t a c t  
s t i c k i n g .  
The b r a z i n g  r e l i a b i l i t y  c a n  b e  i m p r o v e d  by us ing  a more r i g i d  
b r a z i n g  f i x t u r e ,  a n d  b y  n i c k e l  p l a t i n g  t h e  molybdenum c o n t a c t  b r a z -  
i n g  s u r f a c e s  t o  i m p r o v e  b r a z e  metal adherence.  
CONCLUDING REMARKS 
This   p rogram,   es tab l i shed   to   rebui ld  and e x t e n s i v e l y  t e s t  an  
ac   b reake r  and con tac t   f i x tu re s ,   has   been   comple t ed  and b a s i c  ob- 
j e c t i v e s   a c c o m p l i s h e d .  An endurance tes t  was   t e rmina ted   a f t e r  
2700 hour s  and t h e  vacuum c a p s u l e  i n  t h e  b r e a k e r  s a t i s f a c t o r i l y  
i n t e r r u p t e d   ( o r   s w i t c h e d )   t h e  maximum r a t i n g s .   D u r i n g   t h e  t es t ,  
s w i t c h  c l o s u r e s  o c c u r r e d  w i t h  a n  i n r u s h  c u r r e n t  5 t o  6 times the  
no rma l  r a t ing  wh ich  con t r ibu ted  to  e ros ion  and  occas iona l  con-  
t a c t   s t i c k i n g .  The i n d i c a t i o n   s u g g e s t s   t h a t   p o s s i b l y   a n o t h e r  
m a t e r i a l  m i g h t  b e  b e t t e r  f o r  t h e  c o n t a c t s  t h a n  molybdenum. 
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A more bas i c  p rob lem invo lves  the  bu i ld ing  and  app l i ca t ion  
a s e a l e d - o f f   c a p s u l e .  It needs  to  be  improved s o  the   ou tgas  
t h e   h i g h   t e m p e r a t u r e   s p e c i f i e d  ( l O O O o  F, 538O c> is minimal,  
o r  a h i g h  t e m p e r a t u r e  g e t t e r  becomes a v a i l a b l e  w h i c h  w i l l  ab-  
s o r b  t h e  g a s  coming  f rom  the   ins ide   sur faces   over  a long   per iod  
of t i m e .  T e r m i n a l s ,   a n d   t h e i r   a t t a c h m e n t   t o   t h e   c u r r e n t   c a r r y i n g  
par t s ,   could   be   fur ther   improved   th rough use o f  a s t ronger   mate-  
r i a l  s u c h  a s  C u b e - a l l o y  t h a t  d o e s  n o t  w e a k e n  a t  h igh  tempera tures .  
The f a s t e n i n g  h a r d w a r e  a l s o  n e e d s  f u r t h e r  a t t e n t i o n  t o  p r o v i d e  a 
r eady  a t t achmen t  tha t  can  be  eas i ly  r emoved .  
The  mechanism  proved t o  b e  v e r y  s u i t a b l e  a f t e r  t h e  v a r i o u s  
re f inements   were  made. The m a g n e t i c   l a t c h   d e s i g n   s h o u l d   b e   h i g h l y  
u s e f u l   f o r   f l i g h t - t y p e   h a r d w a r e  of  v a r i o u s   s w i t c h i n g   d e v i c e s .   T h i s  
l a t c h  i s  s i m p l e ,  s u i t a b l e  f o r  h i g h  t e m p e r a t u r e  e n v i r o n m e n t ,  h a s  n o  
s l i d i n g  s u r f a c e s  t o  g a l l ,  and w i l l  r e l ease  wi th  h igh  speed  when 
t h e  f l u x  s h i f t  c o i l  i s  energized.   Springs  used  for   the  mechanism 
and c o n t a c t  p r e s s u r e ,  made of   Inconel  718 and   des igned   in   accord-  
a n c e  w i t h  r e f e r e n c e  2 ,  o p e r a t e d  w i t h  c o m p l e t e  s a t i s f a c t i o n  i n  t h e  
1000° F (538' C )  environment .  
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TABLE I 
AC BREAKER - I N T E R R U P T I O N  TEST DATA - 950 HZ POWER 
T e s t  N o .  C a p a c i t o r  RMS V o l t a g e   I n r u s h  RMS C u r r e n t   T i m e   P o w e r  
B e f o r e   C h a r g e -  a t  I n t e r r u p -   C r r e n t -  a t  I n t e r -   F l o w e d -  
E n d u r a n c e   V o l t s   t i o n  r rns r u p t i o n  Mi l l i s ec .  
T e s t  
1 750 3 10 840 3 90 10 
2 750 2 65 830 3 75 11 
3 1000 400 1600 1300 10 
4 1500 800 2 100 1620 12  
5 1500 No T r i p   C u r r e n t  3000 No I n t e r r u p .  " 
6 1500  700  2800  1800 14 
After  
E n d u r a n c e  
T e s t  
1 
2 
3 
4 
5 
6 
7 
8 
9 
L O  
1000 
1000 
1000 
1000 
1000 
1250 
1250 
12  50 
1500 
750 
520 
530 
500 
520 
No T r i p  
462 
802 
693 
9 60 
No T r i p  
1960 1409  9.2 
1960  143 9 8.8 
1960 1372 10.0 
1960  143 9 9.0 
1960 C a l i b r a t i o n   C h e c k  - F r e q u e n -  
c y  956 Hz 
2540 1270 20.0 
2540 2240 5.6 
2 540 1910 10.0 
3040 2650 5.0 
1550 C a l i b r a t i o n  Check - F r e q u e n -  
c y  948 Hz, T i m e   C o n s t a n t  
23 rns 
20 
. " . 
TABLE I1 
=BREAKER - CONTACT RESISTANCE DATA DURING ENDURANCE TEST - 
H o u r s  
on T e s t  "" 
-9- -1. 
I n i t i a l  
V o l t a g e  D r o p  
(600 A ,  AC) " 
0.393 
21  0 .323 
95  0.350 
190 0.340 
430  0.358 
620 0.340 
808  0.358 
1004 0.355 
1195  0.350 
1360 0.350 
1600  0.350 
1791  0.345 
1984 0.360 
2236  0.380 
242 6 0.370 
2693  0.380 
J- ,. - V o l t a g e  d r o p  a n d  c a l c u l a t e d  r e s i s t a n c e  i n c l u d e s  
o n e   p o w e r   l e a d .  
-'--'- - Measurements   made  a f t e r  t h e  se r ies  o f   s w i t c h i n g  
t e s t s  a t   t h e   e l a p s e d  times n o t e d .  
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TABLE 111 
TYPICAL  CLOSE/OPEN  TESTS CONDUCTED AFTER THE 2700 HOUR ENDURANCE RUN 
ti 
I 
CI 
B r e a k e r   C u r r e n t   ( a )  Time 
(Low Vol tage )  
Main  Con tac t s  (Amperes) 
( M i l l i s e c o n d s )  
r ". 
! 
600  26.0 
OPENING TES 
T i  me 
( M i l l i s e c o n d s )  
Aux. C o n t a c t s  
;ING E S T  
Time 
( M i l l i s e c o n d s  
Aux.  Contact 
- "_ . ___ 
24.0 
23.2 
23.0 
22 . o  
23 .O 
24.4 
23 .O 
23.2  
23.2 
23.2 
~. " . . . .. "_ - 
T r i p  
V o l t a g e  
( V o l t s )  
: a p a c i t o r  Time 
V o l t a g e   ( M i l l i s e c o n d s )  
( V o l t s )  Ma in  Con tac t s  
"" -~ ~ - __  
55 8.6 
- ." - .. . . 
9.4 (b)  
32.0 ( c )  
60 
60 55 7.0 10.0 
31.0 
-L 
6 . 2  9.0 
: 30.0 
1 1  1000 I 24.8  5 5  I 60 
55 7 .6  10.0 
30.6 
60 
60 
60 1600  26.8 
1800 24.4 
t 
2000 25.2 
, 
" 
60 
5 5  I 6 . 2  1 10.0 1 29.6 
55 1 7.0  ; 10.0 
, 30.4 
60 
I 
8.6 ~ 11.6 60 
-t. 
32.0 I ! 
"" .* 
,I 
. i  
2000 1 25.0 55 
55 I 8.0 
I 
11.6 60 :, 
( a )   I n r u s h   c u r r e n t   l i m i t e d .  (b )  A u x i l i a r y   c o n t a c t s   t a r t   t o   p e n .   ( c )   M e c h a n i s m   c o m p l e t e l y   o p e n .  
TABLE I V  
FREE  STANDING  HEIGHT  (INCHES) 
OF INCONEL 7 1 8  SWITCHGEAR  SPRINGS 
IDENTITY 
S p r i n g s  1. 
f o r  
Mechanism 2 .  
O p e n i n g  
3 .  
I n s i d e  1. 
Wipe 
S p r i n g s  2 .  
PRETEST 
3.2584 
3.2648 
3.2565 
1 . 7 5 0  
1 .750 
O u t s i d e  1. 1.825 
Wipe 
S p r i n g s  2 .   1 . 8 2 5  
POST-TEST "- 
3.209 
3.186 
3.193 
1 .720 
1 . 7 4 4  
1 .800 
1 .804 
N o t e  (1): M e a s u r e d  on  a c o m p a r a t o r   a t  a 
p o i n t   o n  t h e  s p r i n g  a p p r o x i m a t e l y  
90' f r o m   e n d  o f  c o i l .  
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TABLE V 
LOAD/DEFLECTION  DATA OF INCONEL 7 1 8  SWITCHGEAR  SPRINGS 
I d e n t i t y  
S p r i n g s  1. 
f o r  
Mechan- 2 .  
i s m  
Opening 3 .  
I n s i d e  1. 
Wipe 
S p r i n g s  2 .  
Outs ide  1. 
Wipe 
S p r i n g s  2 .  
I d e n t i t y  
S p r i n g s  1. 
f o r  
Mechan- 2 .  
i s m  
Opening 3 .  
I n s i d e  1. 
Wipe 
S p r i n g s  2 .  
Outs ide  1. 
Wipe 
S p r i n g s  2 .  
Pre te s t   Mechan ica l  Load (lbs) 
1.9 3.0 4 .0  5 .1  6.3 7 . 4  8.4 9 .6  
2.2 3 .2  4 .2  5 . 4  6 .5  7 .5  8.6 9.7 
2.2 3 . 1  4.4 5 .3  6 .5  7 . 5  8.6 9.6 
7 .0   11.5  5 .5   20.0  24.0  26.0  32.5  36.5 
7.0  11.5  5.5  20.0  24.0  26.0  32.5  36.5 
6 .5   12 .0   17 .5   22 .5   8 .5   34 .0   39 .5   45 .0  
6.0  11.5  7.0  22.5  7.5  33.0  8.0  44.0 
0 .2   0 .3   0 .4   0 .5   0 .6   0 .7   0 .8   9 .0  
D e f l e c t i o n   ( l / l O t h s   i n . )  
10.6 
10.7 
10.7 
40 .5  
40 .5  
50.0 
49 .0  
1.0 
Pos t - t e s t   Mechan ica l  Load ( l b s )  
2.5  3.8  5.0  6 2  7.5  8.8 10.0 11.3  12.8 
2.4  4 .0   5 .6   7 .1  8 .6  10.0 11.6  13.2  14.8 
2.4  4.0  5.6  7.1  8.6 10.0 11.6  13.2  14.8 
7 . 0  11.5  6.5  21.0  26.0  3 .5 35.0‘” 
8.0  13.0  17.5  23.0  28.0  33.0  8.0 
7 .5   14 .0   18 .0   23 .0   27 .0   33 .0  38.0“ 
8.0  13.0  18.0  23.5  28.5  33.5 39.0’” 
0 .2   0 .3   0 .4   0 .5   0 .6   0 .7   0 .8  0 . 9  1.0 
D e f l e c t i o n   ( l / l O t h s   i n . )  
NOTE: Test conducted on a l i n k   s p r i n g  t e s t e r  
S/N 57529 (0-50 l b s ) .  
”- ,. - Nominal  length.  
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AC CIRCUIT BREAKER  ATED 
1000 VOLTS, 600 AMPERES, 1000 Hz, CONTINUOUS 
1000 VOLTS, 1800 AMPERES, INTERRUPTION 
F igure  1. C r o s s  S e c t i o n  Layout  of M o d i f i e d  AC B r e a k e r  
w i t h  F lux  S h i f t  L a t c h  M e c h a n i s m .  
25 
i 
F i g u r e  3 .  Contac t   'Wipe"   Spr ing   Assembly ,   wi th  Two High  Temperature 
Compress ion  Spr ings ,  fo r  AC Breaker .  
27 
S t a t i o n a r y  
R a d i a t o r  
/ 
?loving 
R a d i a t o r  
\ 
Terminal  
Youn t i n g  
S u r f a c e  
F i g u r e  4 .  AC Breaker   Contact  (Vacuum) C a p s u l e   w i t h   R a d i a t o r s  
Attached and Before Evacuat ion and Seal-Off .  
28 
( A )  Armature  Center 
(B) Pole  Face 
(C)  Stator Top 
(D) Above  Core 
(area = 3.29  cm ) 2 
Titanium  Shim - Gap 
F l u x  Diverting  Coil 
Core 
0.0 10" Gaps 
Alnico 8 Magnet 
(E) Center of Magnet 
Figure 5. Sketch of Magnetic Flux Shift  Latch  Structure. 
Base/ 
Figure 6. Flux  Shift  Latch  Used  in  Redesigned  Mechanism,  Assembled 
with  High  Temperature  Coil  and  Alnico 8 Magnet. 
30 
Magnetizing  Coefficient  Slope B / H  \\\\A\*\ \ \ Energy Product BdHd x lo 6 
14 
12 
10 0 bo 
4 
2 
' 0  
1800  1600 1400 1200 1000 800 600 400 200 0 
Demagnetization  Force 0 H - Oersteds 
Figure 7. Demagnetization and Energy  Product  Information  Curves  for Flux Shift  Latch  with 
Various  Alnico  Magnets. 
F l u x  S h i f t  
L a t c h  
A s s e m b l y  
F i g u r e  8 .  M e c h a n i s m   A f t e r  F i n a l  M o d i r i c a t i o n s   w i t h   S t i f f e r   S u p l m r t  
f o r  L a t c h   A r m a t u r e s ,   a n d  Greater C l e a r a n c e  f o r  C l o s i n g  
S o l e n o i d  A r l n a t u r e .  
32 
V 
H i g h  P u r i t y  
Ceramic C y l i n d e r s  Molybdenum  Shield 
R 
F i g u r e  9. Cross S e c t i o n   I . a y o u t  o f  Con tac t   Capsu le   Ce ramic   Assembly .  
33 

Bellows 
Hose - 
Capsule  
Seal-Of f 
\ 
Load 
Springs 
" 
1 . .  . .  
\ 
\ 
1 I 
Therma 
I n s u l a t  i 
Vacuum 
Capsule  
F i g u r e  11. S e a l e d  Vacuum Contac t   Capsule  w i t h  At tached  
0.5 L i t e r / S e c o n d  I o n  Pump and Heat S h i e l d ,  
Contacts  Held Closed by Spr ing  Loaded  F ix tu re .  
.1 
.on 
35 
F i x e d  / 
S u p p o r t  Ring \ T e r m i n a l   P a d  
F i g u r e  12. New C u r r e n t   C a r r y i n g   S h u n t   w i t h   M u l t i p l e   0 . 0 0 6 - 1 n c h  
T h i c k  C u b e - A l l o y  F l e x i b l e  S t r i p s  f o r  t h e  AC Breaker. 

F i g u r e  14. AC B r e a k e r   a n d   M e c h a n i s m ' w i t h   F i n a l   M o d i f i c a t i o n s ,  
R e a d y  f o r  E n d u r a n c e  a n d  R a t e d  I n t e r r u p t i o n  P o w e r  T e s t s .  
38 
I 
C l a m p  P l a t  e 
Figure 15. AC Contac t   F ix ture ,   Inc luding   In te r rupter   Uni t ,   wi th   Contac t  
Capsule ,  Terminals ,  and Contact Wipe Spr ing  P res su re  P la t e .  
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AC "CLOSE-OPEN" TEST 
I .  Energlze Control 'Jnit 
2. Selector Switch "A" 10 AC 
3. Step on Foot Switch [Completes Interlock Circuit) 
4 Test Sequence "B" Switch Movement from O F F  10: 
PA.  ON  AC  grounding  switch  picks  up. 
CHARGE Both "Close" and "Trip" coil power supplies are 
supply is closed. thus charging the capacitors. 
energized. Output switch in high voltage DC power 
TEST POSITION 
a. Energizes AC trip coil. thus breaker will not hold itself closed. 
b. Energizes timers S & V. Timer "S" delays the closing of the 
and opens. 
breaker for  a predetermined time. Then the breaker closes 
E. Timer "V", recorder drive timer. starts the recorder immedi- 
ately and shuts i t  off  after a preset time. 
DC "CLOSE-OPEN" TEST 
2 .  Selector Switch "A" to OC 
1. Energize Control Unit 
3. Step on Foot  Switch ICompletes Interlock) 
4. Test Sequence "B" Switch Movement from O F F  to: 
PR. ON DC  grounding  switch  picks  up. 
CHARGE Both "Close" and "Trip" coil power supplies are 
TEST POSITION 
energized. and test capacitors are being charged 
a. Energizes DC trip coil. thus contactor will not hold i tsel l  closed 
b.  Energizes timers S & V. Timer "S" delays the closing of the 
contactor lor a predetermined time. Then the contactor 
c. Timer "V", recorder drive timer. starts the recorder immedi. 
closes and opens. 
ately and shuts i t  off  after a preset time. 
A C  "OPEN" TEST 
2. Selector Switch "A" 10 AC 
1. Energize Control Unit 
L 1 "" 
Note. A, B. 0, E are rotary switches. X indicates contact closed relay 
and  tuner  contacts  are  shown  in  unenergized  position. 
3.  Step on Foot Switch [Completes Interlock) 
4. Test Sequence "B" Switch Movement from O F F  to: 
PA. ON AC  grounding  switch  picks  up. 
CHARGE Both "Close" and "Trip" coil power supplies are 
5. M A N  - OPERATION - TOGGLE SWITCH TO CLOSE POSITION - 
6 .  MOVETEST AC SWITCH FROM O F F  TO: 
energized. Power capacitors are being charged. 
Breaker Closes. 
TEST 
a. Opens output switch in high voltage supply. 
b. Closes timer "0" which delays the closing of the air operated 
AC selector w i t c h   ( w h e n  air w i t c h  closes its auxiliary switch 
trips the breaker to open). 
visicorder after a preset time. 
c. Visicorder starts immediately and timer "0" shuts off 
O C  "OPEN" TEST 
1. Energize Control Unit 
2.  Selector Switch "A" 10 DC 
3. Step on Foot  Switch (Completrs Interlock) 
4. Test Sequence "B" Switch Movement from O F F  to: 
PR. O N  DC  grounding  switch  pickup. 
CHARGE Both "Close" and "Trip" coil power supplies are 
5. M A N  - OPERATION - TOGGLE SWITCH T O  CLOSE POSITION - 
6. MOVE TEST OC SWITCH FROM O F F  TO: 
energized. 
Contactor Closes. 
TEST 
a. Opens o u t p u t   w i t c h  in high voltage power supply. 
b. Closes OC selector w i t c h .  
c. Starts visicorder. 
d. Starts timer for stopping visicorder. 
e. Auxiliary contacts on selector w i t c h  closes the trip coil, 
contactor opens, and timer "0" shuts off visicorder after 
a preset time. 
Figure 16. Interruption  Test  Control  Circuit  Diagrams and  Test  Operating 
Sequence Data. 
40 
”- 
41 
I 
T e s t  
V o l t a g e  
1250V. 
(Cap.   Charge)  
A 
10 
Switch  Main   Contac ts  
i I 
B - 
C b I I I W I  I Aux.  C o n t r a c t s  I I I Breaker   Closed  T r i p  C o i l  Breaker Open C l o s e  C o i l  
F i g u r e  18. Copy o f  V i s i c o r d e r   R e c o r d  of  "Open O n l y "   I n t e r r u p t i o n  Test 
w i t h  t h e  AC Breaker  a t  1 0 0 0 " F ,   i n  Vacuum, i n  a C i r c u i t  
P r o v i d i n g  a n  I n i t i a l  P e a k  o f  1250 V and 3600 A .  (Test: # 9 )  
I I i  
"i- Volt   age C u r r e n t  (600A) y A u s .  Contac t  
c 
W 
/ 
C u r r e n t  
Figure 1 9 .  Copy of  P a r t  o f  Vis icorder   Record  o f  a Typical  Close-Open 600 A 
Swi tch ing   Tes t   w i th   t he  A C  Erealcer a t  1000°F, in Vacuum, i n  a 
Low V o l t a g e  C i r c u i t  with a n  I n r u s h  C u r r e n t  o f  .4pproximately 
3000 A peak.  


c 
m 
a .  Top C o n t a c t  b .  Bot tom  Contac t  
F i g u r e  24. S e a l e d   C a p s u l e   C o n t a c t   S u r f a c e s   ( M a g n i f i e d )   S h o w i n g   O n l y   S l i g h t  
Scratches  Caused  by  Mechanical   Movements   During  Assembly.  
c 
W 
a .  Top C o n t a c t  
1 
b .  Bot tom  Contact  
F i g u r e  25 .  Sea led   Capsu le   Con tac t   Su r faces   Be fo re   Assembly   and   Tes t .  
Figure 26. AC Breaker  Parts  After  Dismantling,  Following 2700-Hour Endurance, 
Switching,  and  Interruption  Tests. 
S h i e l d  \ '  
F i g u r e  2 7 .  Greaker Contact C z ? s ~ t l e  End Flanges w i t h   t h e  Yolybdenum Contac t  Surfaces Showing 
E x t e n s i v e  P i t t i n g ,  a n d  :hf Ceramic Asscmh!y S:lowi:Is C o n t a c t  :.?aceria! Deposited 
c l ~ l  t h e  C y l i n d r i c a l  S h i e l d .  
a .  Top C o n t a c t  b .  Bot tom  Contact  
F i g u r e  28. AC B r e a k e r   C o n t a c t   S u r f a c e s   ( M a g n i f i e d )   S h o w i n g   E x t e n s i v e   P i t t i n g  
and  Eros ion  From C l o s i n g  a n d  I n t e r r u p t i n g  t h e  T e s t  C u r r e n t s .  
I 
a .  Top  Contac t  b .  Bottom  Contact 
F i g u r e  29.  AC Breaker   Contact   Surfaces   (Magnif ied)   Before  Assembly  and  Test .  
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C o n t a c t   S u r f a c e  . N i  P l a t e  
.I 
l O O X  - E t c h e d  w i t h  
20% Murakamis 
i -  " 
500X - E t c h e d  w i t h  
20% Murakamis 
F i g u r e   3 0 a   a n d   3 0 b .   P h o t o m i c r o g r a p h s  of  AC B r e a k e r   C o n t a c t   S u r f a c e .  
Molybdenum  Molybdenum 
30X - E t c h e d  w i t h  
10 gms F e  C13-30 m l  H C 1  
a n d  1 2 0  m l  H 2 0  
30X - E t c h e d  w i t h  
10 gms F e  Cl3-3O m l  HC1 
and  120 m l  Hz0 
F i g u r e   3 0 c  a n d  3 0 d .   P h o t o m i c r o g r a p h s  of  B r a z e   J o i n t  Area Between 
Molybdenum C o n t a c t  a n d  A m z i r c  F l a n g e .  
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APPEND1 X A 
MATHEMATICAL  ANALYSIS OF AC SWITCHGEAR  TEST  CIRCUIT PERFOFUVIANCE 
The proposed AC Breaker test power supply w i l l  cons i s t  o f  a r ing -  
i n g  LC c i r c u i t ,  and th i s  ana lys i s  has  been  made t o  check o v e r a l l  c i r c u i t  
performance. Basic s p e c i f i c a t i o n  for values   a t   breaker   opening are: 
z = -  V 
A - 
1800  amperes r m s  
1000 v o l t s  rms 
1000 H z  
T h e  current  response w i l l  be  an exponent ia l ly  decaying s inusoidal  
fo rm;  the re fo re ,  t h i s  ana lys i s  w i l l  determine the amount t h e  i n i t i a l  
values must  be h igher  than  the  spec i f ied  va lues ,  S O  t h a t  a t  t h e  time of 
opening  of  the  breaker ,  the  spec i f ica t ions  w i l l  be m e t .  The maximum 
time t ,  f o r  which t h e  breaker i s  a l lowed to  s tay  c losed ,  before  cur ren t  
and voltage drop below the specified l e v e l s ,  i s  ca l cu la t ed ,  and the  
s i z e  of the  var ious  components i s  determined for se lec ted  condi t ions .  
Basic  formulas  used  include  the  following: 
Impedance : 
Inductance : 
z =cLJL = 2 n f L  
2 L = -  
2 nf - 
Capacitance : 
1 1 z = -  
wc 2nfC 
"- 
c = -  - 2nfZ 1 
Resis tance:  
( a )  of Capaci tors  
Q = - = -  1 1 
U C R  2rrfCR 
1 R = -  - 2 rrfcg where Q = 333 
@ 1000 Hz 
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R - - = - - 2.78 milliohm - (dL 0.556 - 
-(AC) Q 2 00 
(Based  on assumption t h a t  Q = 200 f o r  
DC r e s i s t a n c e  is r e l a t i v e l y  low) 
- R (feedthroughs + i n  t ank)  = 0.50 milliohm 
R (Switchgear) = 0.60 milliohm - 
I. -__^ Case #1 - Proposed i n i t i a l  c i r c u i t  v a l u e s  o f :  
v = 1200 Volts rms 
A = 2160 Amp. r m s  
f = 1000 Hz 
Determine time t o  r e a c h  1000 vo l t s  r m s  
Impedance : 
z = - -  
2 160 l 2 O o  - 0.556 ohm 
Inductance : 
L = -  
2 n f  6,28 x 1000 
z -   0*556 = 88.5  microhenry 
Capacitance : 
1 1 c = - -  - 
2nfZ  2n x 1000 x 0.556 = 287 microfarad 
Res is tance :  
(a )  Capac i tors  
1 1 R=-- - 
2nfCQ 2 n x 1000 x 287 x x 333 = 1.66 milliohm 
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( c )  Tota l  Res is tance  
Capaci tors  - 1.66 milliohm 
C o i  1 - 2.78 
Cable i n  Tank & Feedthrough - 0.50 
Swi t chgear - 0.60 
Other Lead Resis tance - 0.46 -
Tota l   Res is tance  6.00 milliohm 
CIRCUIT PERFOMNCE CALCULATIONS : 
Switch S i s  assumed as i n i t i a l l y  i n  p o s i t i o n  1 ut-.til 1700 v o l t s  
( the peak of 1200 V )  appears  on  capacitor.  Then a t  t = O  S i s  moved 
t o  p o s i t i o n  2 ,  and Vc ( c los ing  vo l t age )  i s  impressed  on  the  c i rcu i t .  
a t  t = O  w e  have, 
vC 
(0') = L di + R i  d t  + -  
1 
C 
i d t  
d i f f e r e n t i a t i n g  e q u a t i o n  (1) w e  o b t a i n  
O = L -  d2 i d i  i + R - + -  
d t 2  d t  C 
LM + R M + - = O  2 1 
C 
2 R  1 M + - M + - = O  L LC 
-R 1 M12 = - + 2L - z-LC 
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1 R2 s i n c e  - > - we may rewrite t h e  a b o v e  e q u a t i o n  i n  t h e  form 
4L2 
M12 = a + - j b  
Then  t h e  g e n e r a l  s o l u t i o n  for e q u a t i o n  (1) is  
i = e (A sin b t + B cos b t )  
I n i t i a l  c o n d i t i o n  (3: t = 0, i = 0 
-at 
... B = 0 
-at i = A e  s i n b t  
I n i t i a l   c o n d i t i o n ( 2 ) :  t = 0 v = 1700 V 
or v = 1700 V 
C 
L 
v = L -  d i  L d t  
d -at v = L dt (A e s i n  b t )  L 
v = LA (be cos 'bt - e s i n  b t )  -at -a t  L 
a t  t = 0,  v = 1700 v o l t s  L 
1700 = LAb 
1700 
L b  
A = -  
1700 .-at t h e r e f o r e  i = - s i n  b t  Lb 
R 6 x 
2L 2 x 8 8 . 5  x 
a n d  a = - = -1 = 33.9 sec (A10) 
t h u s  : i = 3060 e s i n  o t -33.9t 
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RESULTS : - Case I -"
(A. )  The time f o r  t h e  underdamped s i n e  wave t o  d r o p  t o  1800  amperes r m s  i s :  -
1800 J2 = 3060 e -33.9 t 
t =  In (0.832) - -0.184 
-33.9 -33.9 
- -=  5.44 m s  
Thus i n  5.44 m s ,  t h e  rms  value of t h e  cu r ren t  d rops  to  1800  amperes 
r m s  from  an i n i t i a l   c u r r e n t   o f  3060 amperes.  (2160  amperes r m s ) .  The  
open c i r c u i t  v o l t a g e  would be  approx .1000 vol t s ,  r m s .  
(B . )  The t i m e  f o r  t h e  c u r r e n t  t o  d r o p  t o  1200  amperes r m s  (from 2160 -
amperes,  rms) i s :  
1200 \I = 3060 e -33.9 t 
"_- 
1 33.9 t 
0.556 e 
t =  In 0,556 - 0.578 - -33  33.9 - - 17.3 m s e c  
Note: Open c i r c u i t  v o l t a g e  a t  t h i s  po in t  would  be about 667 v o l t s ,  rms. 
11. Case #2:  For proposed i n i t i a l  v a l u e s  shown f o r  Case #1, determine t i m e  
and i n i t i a l  v o l t a g e  t o  r e a c h :  
V = 1000 V rms 
I = 1200 A rms 
f = 1000 Hz 
Impedance : 
z = -  
1200 
'Oo0 = 0.883 
I nduct  ance :
CaDaci t ance  : 
1  1 c = - =  
2nfZ  6.28 x lod x 8.33 = 191pfd 
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" 
Resis tance:  
___ = - = - - 2.5 milliohm 1 Xc 0.833 - R =  Cap 2 n f W  Q 333 
- - = - = 4.16 milliohm o L  0.833 
RCoil  - Q 200 
Total  Resis tance Capacitor 
Coi 1 
Cable i n  Tank 
Swi tchgear 
Other  lead  e tc .  
By (LO) 
a = - =  R 8 x = 30 s e c  
-1 
2L 2 x 133 x lo-' 
i = A e  s i n  w t -30t 
Results:  - Case I1 
2.50 m i  lli ohm 
4.16 milliohm 
0.50 m i  lli ohm 
0.60 m i  l l iohm 
- 0.24  milliohm 
8.00 milliohm 
The  time, t ,  which w i l l  e lapse  w h i l e  the  cur ren t  drops  to  1200 
amperes rms is:  
" 
1200 -30 t 
2160 - e  
558 = e -30 t 
t =  
In 0.555 - 0.59 - -= 19.6 m s  
- 30 30 
Note: Open c i r c u i t  v o l t a g e  a t  t h i s  e lapsed time would be 1000 v o l t s ,  rms. 
111. Case #3:   S ta r t ing   wi th   h igh  enough in i t i a l   cu r ren t ,   de t e rmine  
charging current and time t o  open switchgear t o  provide: 
V = 650 V rms 
I = 1800 A r m s  
f = 1000 H z  
Impedance : 
"
z = - -  650 - 0.362 
1800 
60 
Induczance : 
L = -  Z 
2 of 
CaDaci tance : 
1 c = - -  1 - 
2nfZ  6.28 x 103 x 0.362 = 440pfd 
Resistance : 
- 1 Xc 0.362 - - = - = - =  
RCap 2nfCQ Q 333 1.08 m i  lli ohm 
wL 0'362 1.81  milliohm 
200 
Tota l  Res is tance :  Capacitor 
Coi 1 
Cable i n  tank 
S w i  t chgear 
Other lead etc.  
1.08 m i  lli ohm 
1.81 millionm 
0.50 m i  l l iohm 
0.60 millionm 
0.51 m i  lli ohm 
4.5 millionm 
-
By (10) : 
a = - -  R 4 . 5  x -1 1 
2L 2 x 58 x 10-o e = 38.8  sec 
t = - = - -  - 26 m s e c  - a 38.8 
i = A e  -388t s i n  a t 
- =  1800  .-38.8t 
3600 
1.8 - e 
"
-38.8t 
3.6 
Note: Open c i r c u i t  v o l t a g e  a t  t h i s  elapsed  t ime would be 650 v o l t s ,  rms. 
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SUMMARY 
The results of t he  s tudy  are summarized below: 
I n i t i a l   F i n a l Time t o  
Case # L (p H) C ( p  fd) Amps Volts Amps Vol ts   F i  na 1 
I A  88.5 287 2160 1200 1800 1000 5.44 m s  
I B  88.5 2  87 2160 1200 1200 667 17.3 m s  
I 1  133 191 2160 1800 1200 1000 19.6 m s  
I11 58 440 3600 1300 1800 650 17.9 m s  
CONCLUSION 
Case #I11 condi t ions were se l ec t ed  a s  be ing  the  most r e a l i s t i c  fo r  
proving  the  breaker  ra t ing  wi thout  exceeding  too  grea t ly  the  breaker  
c l o s i n g  c a p a b i l i t y  
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